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RESULTS AND INFORMATION OBTAINED REGARDING AERODYNAMIC JET
INTERFERENCE ASSOCIATED WITH THE Do 31 V/STOL JET TRANSPORT
AIRCRAFT AND THEIR APPLICATION TO FUTURE V/STOL DEVELOPMENT

Dieter Welte,
Bonn Bundeswehramt

I. THE SIGNIFICANCE OF AERODYNAMIC JET INTERFERENCE TO V/STOL /2"
ENGINEERING, BASED ON EXPERIENCE OBTAINED FROM Do 31
DEVELOPMENT AND FLIGHT TESTING

1. The Significance of Jet interference Associated with V/STOL
Aircraft

In the design, development and operation of vertical or
ultrashort takeoff aircraft, new types of problems, relative to
conventional takeoff aircraft, occur which are based on the
type of propulsion system or on the generation of thrust through
the use of power plant jets directed downward.

The flow fields generated by these downward-directed power
plant jets are the cause of effects associated with V/STOL air-
craft takeoffs and landings, known as

-- recirculation

-- ground erosion

-- jet interference.

The influence which these effects have on the operation,
characteristics and performance of the aircraft is a function of

-- the configuration of the aircraft (aircraft geometry
and arrangement of power plants) and

-- the type of power plant jets (lift generated by
rotor, propeller, lift fan, bypass or single-stage power
plants of various jet intensity).

Aerodynamic jet interference, or jet interference for short, /3
refers to the effect on external aircraft aerodynamics due to the
power plant jets. The cause of this effect is the secondary flow
induced by a jet and the interaction of several power plant jets
close to the ground.

* Numbers in the margin indicate pagination in the foreign text.
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Jet interference produces different effects during various

VTOL phases of flight, i.e.

-- in hover in the immediate vicinity of the ground

(first phase of takeoff, last phase of landing)

-- in hover above the ground effect (vertical takeoff

and landing)

-- in transition flight (takeoff and landing transitions).

In hover close to the ground, the jet effect is due to the

three factors shown in the illustration below:

\, / -- sink effect

-- fountain develop-
ment

0 9-- suction effect

(not visible here).

The sink effect is produced by turbulent jet mixing with

the surrounding air and primarily generates an underpressure

region on the underside of the aircraft. Between neighboring

power plants or groups of power plants, energetic exhaust gas
fountains from the ground flow against the underside of the air-

craft and produce an upward force. Power plant jets which flow /1

between the ground and the underside of the aircraft produce an

additional downward force due to the suction effect. The three

effects are superimposed on one another in quite different

manners in each individual case.

In hover beyond the ground effect, only the sink effect

occurs.

In transition flight, beyond the ground effect, jet inter-

ference can be broken down into a near field and a far field

effect. As outlined in the illustration,

-- blockage,

-- the wake, and

-- the lowering effect
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are operant in the near field and

-- downwash induction

is operant in the far field.

The blockage of
flow about the air-

-- --- craft by the presence
of the jet produces
a relatively small
change in pressure
distribution in the

hfeld near field. There is
an area of reduced

S\ overall pressure in
the jet wake, which

. I primarily has its
I effect in a slight
I increase in aircraft

/ drag. If the control
b surfaces are located

SFernf1/ in the jet wake, flight.
stability is also

V %influenced.
The sink effect pro-
duces a downwash
in the near field.
A downwash field is

Key: a. Near field induced in the far
b. Far field field by jet mixing

and jet deflection.
Overall, jet inter-

ference generally causes a downward force and a tail-heavy /5
torque during transition flight. When lift fans are used, with
their relatively high air throughput, the interference effect of
the inlet flow must also be taken into consideration.

All of the jet interference effects described generally
reduce the power and the controllability of a V/STOL configura-
tion. During vertical takeoff, the balance of lift must be
positive after the subtraction of all losses so that the aircraft
can leave the ground. A second condition for vertical takeoff is
provision for the failure of the critical power plant. The
balanced residual lift must ensure a safe landing. Disruptive
torques caused by jet interference are generally small at zero.
forward speed.

In transition flight, lift loss and disruptive torque nor-
mally increase linearly with aircraft speed at first, starting
from the value for the hover state; these then become flatter and
can decrease again toward the end of the transition phase. Since
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aerodynamic lift and aerodynamic control torque increase as the
square of air speed, a certain critical speed exists at which
residual thrust and/or residual control torque reaches a
minimum.

a d
Kraft in (Vertikalschub + aer. A 'rieb)
z-Richtung - Gewicht

e
Resthubkraft
fUr Manver

c
aerodynamische
Auftrieb

strahlinduzierter
Hubverlust

lubverlusi
beim Schweben

b Fluggeschwindigkeit

Key: a. Force in z-direction
b. Aircraft speed
c. Aerodynamic lift
d. (Vertical thrust + aerodynamic lift - weight)
e. Residual lift for maneuvering
f. Jet&induced lift loss
g. Lift loss in hover

Since a residual control torque and a residual lift neces- /
sary for the execution of flight maneuvers are defined in the
aircraft approval regulations or recommendations (e.g. FAA,
AGARD), an exact knowledge of jet interference effects is impor-
tant. Aircraft configuration, the position of power plants
relative to one another, power plant thrust ratio and jet direc-
tion are the significant parameters which determine the magnitude
of residual lift and residual control torque and the critical
speed.

2. Jet Interference Associated with the Do 31

The aerodynamic problems which occurred in connection with
jet interference during Do 31 development were solved primarily
by experimental means. The jet-induced forces and torques in
hover and transition flight, with and without ground effect, were
measured in the wind tunnel.
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Lift loss in hover outside of the ground effect is about
3.5% of gross thrust and increases to a maximum of 8% as the ground
is approached. An important point is the failure of a cruising
power plant. Lift loss is reduced to about 2% outside of the
ground effect, since the cruising power plant which has failed, /7
mounted under the inboard wing, induces greater losses than a
lift power plant, suspended at the wing tips. Loss increases
somewhat more steeply as the ground is approached, however. The
jet-induced torques are small in hover with and without the ground
effect as measured with the available control torques.

a
Hubverlust 10

c
Do 31 Serkrechtstart

S 0

MTW-Ausfall

O iOn 20m 30m

Bodenabstand H [m]

Key: a. Lift loss
b. Ground distance
c. Vertical takeoff
d. Failure of cruising power plant
S = Thrust

The measured lift losses are taken into consideration in
compiling the balance of lifts and/or in determining maximum
vertical takeoff weights. The cases indicated in the table below
are decisive in the limitation of maximum vertical takeoff
weight in the Do 31.

In the first case, 8% is used for lift loss due to jet
interference. In addition, a lift loss due to the increase in
inlet temperature caused by recirculation must be taken into
consideration. The critical case is the failure of a cruising
power plant during the takeoff process. Under the condition of
an oblique point takeoff, a reliable emergency landing is ensured
with a residual lift of 95% of aircraft weight. During an oblique
point takeoff, the aircraft climbs away from the takeoff point
along a path inclined at 250. In this case, the values outside
the ground effected are used for loss figures.
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Thrust Thrust loss Increase in Max. vertiThrust
Case due to jet inlet tem- cal take-

interfer- perature off weight,
ence H = 600 m,

ISA

1. VTO Ftotmax AF ATCPP = 150C
= 1.0 - 8% 211000 kgAll power Wt 8%

plants in- ATLPP = 500C
tact

2. VTO F
2 VTO FRes AF Zero 19,530 kgone cruising -- = 0.95 -= 2%

power plant
fails

In Do 31 transition flight, the change in normal force and
pitch torque due to jet interference initially varies as a linear
function of aircraft speed. The change in normal force becomes
flatter with increasing aircraft speed and reaches a value of /8
10 to 12% of total thrust at about the middle of the transition.
The change in normal force during transition flight involves no
limitation on the maximum vertical takeoff weight of the Do 31,
since the above-mentioned ,condition for vertical takeoff and for
power plant failure is appreciably less favorable for oblique
point takeoff.

0,12

S-- b
lubverlust

Sickrnonenten-
Nndrun

Do 31 Landetransition

indkanalnessunnen

0 a 10 20 30 40 50 60

Fluareschwindiakeit v [n/s]

Key: a. Aircraft speed; b. Lift loss; c. Change in
pitch torque; d. Landing transition, wind tunnel
measurements; S = thrust,
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Extreme control-surface positions are necessary to trim the
jet-induced pitch torque during the transition. The figure below
shows the curve of elevator angle during the landing transition
by the Do 31 E3.

Elevator angle is /9

a 12 coupled with the gate
HShenruder- of the tail control

Do 31-E3 Flu' 247 nozzle At H = 12.50,
Ausschlag Landet ransiti on the tail control nozzle

8 . a is wide open and
11o delivers maximum control

thrust. The elevator
[o] can be angled even

4 farther. Its effective-
ness drops off beyond
about nH = 160. We see
that up to half of the

0 available control
o 20 40 60 80 torque is required to

b luesnd v /scompensate for jet-
induced pitch torque

Key: during transition. This
Key: a. Elevator example shows that jetb. Aircraft speed interference is ac. Flight 247, landingc. Flight 247, landing factor which is not to

be underestimated in the
design of future V/STOL
aircraft.

The measurement of jet-induced forces and torques in the
wind tunnel made the development of new test techniques neces-
sary. Model and measurement engineering are presented with
unconventional tasks. Two wind tunnel models were built and had
measurements performed on them during the course of Do 31 develop-
ment. One model was equipped with electrically driven model motors.
In the second model, compressed air was discharged to simulate
jets. The latter method proved to be the more effective. It is
also to be recommended for interference studies on future V/STOL
aircraft for the case of zero forward speed.

A series of takeoff and landing transitions with the Do 31 E3 /10
test aircraft were analyzed with regard to forces and torques.
Algorithms programmed for the IBM 360 were developed which
calculate instantaneous thrusts, weight and aerodynamic quantities
from the measured data. The thrust and torque balance yields the
jet-induced forces and torques as residual terms. Since a
relatively small difference between several larger numbers is
involved, extremely high requirements are placed on the accuracy
of the data, but are not always satisfied.
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............

Agreement between the results of wind-tunnel and flight tests
is not satisfactory for all flight states; it is justifiable to
conclude, however, that wind tunnel measurements can be reliably
applied to the large-scale design.

A prerequisite for applicability is that, in addition to
geometric similarity, the momentumi densities of thrust and on-
coming flow be proportional in the model and in the full-scale
design.

3. Jet Interference Associated with Future V/STOL Aircraft

Due to their importance in the designing of a V/STOL air-
craft, data on the effects of jet interference upon flight
performance and characteristics are necessary while still'in the
early development stage.

A generally valid calculation of jet-induced forces and
torques is possible only for the case of hover outside the ground
effect. An empirically determined relation can be given between
lift loss AF/F, the ratio of aircraft equivalent diameter D to
nozzle diameter Dj, and the decrease in stagnation pressure along
the jet axis. The Mach number effect in free jet propagation is /
taken into consideration with an additional term in the form of
the ratio of overall jet pressure Po to static ambient pressure
p,,. A value of about K = 0.0136 is obtained for the constant
from model measurements.

During vertical takeoff, vertical landing, or hovering close
to the ground, the fountain effect is superimposed on the sink
effect, and its influence on the forces and torques can only be
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given in terms of trends for a given V/STOL configuration. The
pattern of flow on the ground, including the positions of stagna-
tion points or stagnation lines, and the directions of ascent of
the fountains can be roughly determined from simple momentum con-
siderations, so an estimate of the order of magnitude of negative
or positive changes in lift and head- or tail-heavy torque is
also possible. The flow field close to the ground is relatively
easily influenced by small changes in the nozzle angles or in
aircraft inclination. Upwash and thus the balance of forces and
torques can be effected with relatively small control surfaces on
the fuselage. Thus we still have possible means of effecting
changes even in advanced stages of development without having to
basically alter configuration. In civilian applications, it is
possible to use gratings as takeoff surfaces. These serve pri-
marily to lead of the hot exhaust gases; in addition, however,
they also cause interference to be reduced to the case of hover
outside the ground effect region.

-0,64 [ 9(x)
AF= K P (P0 -p.) 1

) max(Dj w
2a

° qx) )

(x).

o o

P 9 (x)

The figure below shows the results of measurements performed /12
on models: change in lift due to jet interference on various
VTOL aircraft as a function of altitude.

We are so far still a long way from being able to give /13
the design engineer satisfactory data on jet interference, with-
out prior wind tunnel measurements, for the case of transition
flight. Although there are a number of potential-theory formula-
tions which include the blockage and sink effects of a jet

9



20 i I - I i' i I I
Hihe Do 31-28 DH 129 AW 660 P1127 BeLt 0188A

I I
i i

II

I I

-10 -5 0 -5 0 10 1 5 -5 b 0 5 10 -5 0 5 0 S 10 15

Hubanderung infolge Strahtinterferenz [%]

Key: a. Altitude
b. Change in lift due to jet interference

and yield the induced velocity field, the model representations
are still not quite true to reality, and the suction effect and
deformation of the jet must be known from measurements. This
theory breaks down for power plants arranged in groups on the
aircraft. Information is lacking with regard to the propagation
of groups of jets with different impinging flow.

A summary of wind tunnel measurements performed on various
V/STOL configurations by the British Aircraft Corporation and by
Dornier is given in the figure below to provide an overview of
the order of magnitude of aerodynamic jet interference in
transition flight.
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Hubver- A-
lust - o 31

AS
0 0 D

C

E E

0 b 0.1 0.2 0. CA

eff. Fluggeschw.-Verh. (v./ j)e

Key: a. Lift loss
b. Effective velocity ratio
S = thrust

The closer to the margin of the airframe the power plants are /14
located, the smaller jet interference is. The jet-induced torques
exhibit similar trends. The power plant component makes up about
half of the overall change in torque in the Do 31.

Future V/STOL transport aircraft will:primarily employ dual-
stage power plants with high bypass ratios or lift fans for the
generation of lift. Due to the relatively high air flow rate,
not only the thrust jet but also the inlet flow produces an
interference effect. In hover, with or without ground effect, the
influence of inlet flow upon the balance of forces and torques is
still small. Only in transition can changes in torque about the
transverse axis and, during side slip, also about the longitudinal
axis occur as the result of inlet flow. Interference tests in
transition should therefore include not only the simulation of
power plant jets but also that of inlet flow. On the basis of
the present state of the art, it is recommended that power plants
be simulated by means of fans driven electrically via extension
shafts.
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II. MAJOR RESULTS ON AERODYNAMIC INTERFERENCE OBTAINED FROM Do 31 /15
DEVELOPMENT AND FLIGHT TESTING AND THEIR APPLICATION TO
FUTURE V/STOL AIRCRAFT

1. Jet Interference Model Measurements Performed During Do 31 /16
Development and Testing

Overview of Contents

1.1. Introduction
1.2. Notation
1.3. Measurement with the 1:6 Model
1.4. Measurements with the 1:20 Model
1.5. References

Figures

1.1. Do 31 1:6 jet interference model.

1.2. Do 31 1:6 jet interference model in the FKFS wind tunnel.

1.3. Do 31 jet interference in hover close to ground. Lift
loss, pitch torque, roll torque. Configuration for
vertical takeoff.

1.4. Do 31 jet interference in hover close to ground, with /17
power plant failure. Starboard cruising power plant has
failed. Residual thrusts in torque equilibrium.

1.5. Do 31 jet interference model, 1:20, three views.

1.6. Test setup with the Do 31 jet interference model, 1:20,
in the Dornier wind tunnel, Immenstaad.

1.7. Do 31 jet interference in hover close to ground. Effect
of cruising power plant nozzle angle on loss of
thrust.

1.8. Do 31 jet interference in hover close to ground. Effect
of cruising power plant nozzle angleon change in torque.

1.9. Do 31 jet interference in transition. Lift, pitch torque.
All power plants on takeoff thrust. Angle of attach
a = 00

1.10. Do 31 jet-induced downwash at location of lift power plant
in transition. All power plants on takeoff thrust.
Cruising power plant nozzle angle TMTW = 900 . Angle of
attack a = 00.
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1.11. Do 31 jet-induced neutral point shift, in transition.

Conditions as in Fig. 1.10.

1.12. Do 31 jet interference during short takeoff. Lift,
drag, pitch torque. All power plants on takeoff thrust.
Ground - to - landing gear distance H/b = 0.025
Angle of pitch e = 00
CPP nozzle angle TMTW = 100
LPP nozzle angle THTW = 750
Landing flap angle nK = 450
Angle of attack a= 00
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1.1. Introduction /18

Wind tunnel measurements are an indispensible aid in the
development of an aircraft. This is particularly true for a

V/STOL project, since certain flow processes can practically be
determined here only by experimental means. In particular, the
problem involves the phenomena known as jet interference and
recirculation.

Jet interference measurements yield the changes in forces,
torques and points of force application in all phases of flight
and all attitudes; these changes are important for the mechanics
of flight. During the developmental phase of the Do 31, these
measurements were carried out in the Stuttgart wind tunnel with
a 1:6 model. A major portion of the measurements were devoted
to the vertical takeoff and vertical landing phases, particularly
important in flight testing, including a simulated power plant
failure. The most important results are reported in Section 1.3.

In a second phase of jet interference measurements which
approximately coincided in time with the beginning of flight
testing, the entire range of transition flight of the Do 31 was
studied, particularly with regard to comparison with flight test
results. The measurements were carried out in the Dornier wind
tunnel with a 1:20 model. The most important results are reported
in Section 1.4.

1.2. Notation /19

A Aerodynamic lift
b Wing span

CA, CW, CM  Aerodynamic coefficients of lift, drag and pitch
torque, respectively

F Reference area for wing
H Distance between landing gear and ground
SMean aerodynamic wing chord length
L Roll torque
M Pitch torque

So  Gross thrust
v0 Aircraft velocity
vj Jet velocity

(v.V) e
Effective velocity ratio

v 2V, P.

Angle of attack
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Angle of roll
0 Angle of pitch
T Angle of power plant nozzle rotation (T = 00 for

jet exhausting rearward)

nK Angle of split flaps

1.3. Measurements with the 1:6 Model /20

The 1:6 model of the Do 31 was designed for the large FKFS
(Research Institute for Motor Vehicles and Vehicle Motors) wind
tunnel, Stuttgart (4.8 x 7.2 m2 ) and had the following principal
dimensions:

Span (to center of lift power plant pod) b = 2.834 m

Wind area F = 1.581 m2

Mean aerodynamic chord PI = 0.570 m

Fig. 1.1 shows two views of the model, and Fig. 1.2 shows a
photograph of the model installed in the wind tunnel, including a
wooden panel used for ground simulation.

The cruising power plants were simulated with electrically
driven axial compressors with a rated power of 20 hp each at
20,000 rpm. The lift power plant pods were equipped with three
outlet nozzles, corresponding to the earlier design. Thrust was
generated by one crossflow fan per lift pod, driven by a medium
frequency motor at a reduced speed of m = 8500 rpm. The tests
were conducted primarily with the following thrusts:

2 lift power plant pods = 9.36 kp [1 kp = 1 kg force]

2 cruising power plant pods = 14.20 kp.

The power plants were rigidly connected to the model. The
electrical lines were led out of the tail of the fuselage via
a system that followed the angle of attack.

The lower portion of Fig. 1.2 shows a photograph of the
power plants mounted on the calibrating frame. This made it
possible to determine power plant thrusts outside the airframe. /21
The jet-induced forces and torques were determined from the dif-
ference between model measurement and thrust measurement.

Figs. 1.3 and 1.4 show the most important results from the
measurements. Jet-induced lift loss, pitch torque and roll-torque
are plotted against ground distance in Fig. 1.3. As long as the
landing gear is in contact with the ground, lift loss amounts to
8% of gross lift. After liftoff, lift loss decreases relatively
rapidly and remains constant at 3 to 3.5% at a distance of 1 wing
span or more from the ground.
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Pitch torque is slightly nose-heavy in the immediate vicinity
of the ground but has a stabilizing effect when changes in the
angle of pitch occur. It drops off rapidly upon liftoff and
yields a constant, relatively low tail-heavy torque beyond 4 or
5 m. Maximum available jet control torque is

M/(S o '. ) = ±0.125.

Roll torque has an unstabilizing effect when an angle of
roll exists, but is relatively small compared to the maximum
available control torque of L/So * b/2 = ±0.17 and decreases with
altitude above ground. The zero point shift at 4 = 00 is due to
the asymmetry of the flow field. Fig. 1.4, analogous to Fig. 1.3,
shows conditions accompanying failure of the critical power plant,
i.e. the cruising power plant in the case of the Do 31. The
thrusts of the remaining power plants are suitably throttled or
increased to emergency thrust levels in order to maintain torque
equilibrium. ,Lift loss outside the ground effect has dropped to
about 2%. The reason for this is that the lift power plant jets
produce less lift loss, in relative terms, than the cruising power
plant.

The measurement results have been incorporated into the /22
balances of lifts which were used to determine maximum vertical
takeoff weights. Aside from a strength limit, two requirements
had to be met here:

a) For vertical takeoff, excess thrust was to amount to
at least 3% of takeoff weight; among other things, the loss
for jet interference was taken to be 8%.

b) Upon failure of a cruising power plant, a balanced
residual thrust of at least 95% of takeoff weight was to
remain; among other things, the loss due to jet interference
was taken to be 2%, since this case was assumed to occur out
of ground effect only.

The corresponding wind tunnel test reports are presented in
[1-4].

1.4. Measurements with the 1:20 Model /23

The 1:20 model of the Do 31 was built for the Dornier wind
tunnel (2.20 x 3.20 m2 ) and had the following principal
measurements:
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Span b = 1.24 m

Wing area F = 0.22 m2

Mean aerodynamic chord £9 = 0.186 m.

Fig. 1.5 shows three views of the model. Compressed air
was blown out of nozzles to simulate the power plant jets. The
nozzles, with compressed air lines, were rigidly connected to a
system which followed the angle of attack and did not make con-
tact with the Do 31 model. Fig. 1.6 shows the test setup. A
base panel, 3 m in diameter, adjustable in height and inclination,
was used for ground simulation.

A detailed report on the measurements can be found in [5].

A summary of the most important results is given for hover
in Figs. 1.7 and 1.8, for transition flight in Figs. 1.9 through
1.11, and for short takeoff in Fig. 1.12.

Figs. 1.7 and 1.8 show the curves of lift and torque varia-
tion with ground distance for three angles of rotation TCpp = 600,
900 and 1200 for the cruising power plants. The effect of
angles of pitch which occur in practice during the takeoff and
landing processes (-100 < 0 < +100) is indicated by hatched regions.
The effects of nozzle angle of rotation and the angle of pitch
are on the same order of magnitude. Overall, however, the dis-
turbances are no greater than those measured with the 1:6 model
and can be easily controlled.

Fig. 1.9 shows the curves of changes in lift and torque ver- /24
sus effective velocity ratio. The latter is a parameter commonly
used in jet interference studies and is the root of the ratio of
momentum densities in the oncoming flow and power plant jets.
The angle of nozzle rotation on the cruising power plants appears
as an additional parameter.

At (vc/vj)e = 0, the familiar losses associated with hover
occur.

The interference effects of power plant jets exhausting
normally from a wing can, in highly simplified terms, be broken
down into a near field and a far field. In the near field, the
stagnation of oncoming flow upstream from the nozzle jet, the
dead-water region in the lee of the jet, and the suction effect of
the jet lead primarily to a change in the pressure distribution on
the wing and cause a change in lift and torque. In the far field,
which might be defined as the region where the jet is already
deflected into the oncoming flow to a large degree, the suction
effect of the jet induces a downwash field which contributes to the
change in torque primarily at the elevator. The change in down-
wash angle at the location of the Do 31 lift power plants was
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determined by the probe-surface method and is plotted against
effective velocity ratio in Fig. 1.10.

Fig. 1.11 shows the curves of neutral point shift versus
velocity.

Finally, Fig. 1.12 shows the effect of the coefficient of
thrust upon the aerodynamic coefficients of longitudinal motion
close to the ground, as required for short takeoff calculations.

An exact description of the tests is given in [51.

18



REFERENCES

1. Esch, P., "Do 31 2 B,wind tunnel tests, measurement period II: /25
measurements with and without thrust," Dornier VW 313-B2.

2. Esch, P., "Do 31 2 B wind tunnel tests, measurement period III:
measurements with thrust," Dornier VW 313-B3.

3. Esch, P., "Do 31 2 B wind tunnel tests, measurement period IV:

ground effect measurements," Dornier VW 352-B2.

4. Esch,"P., "Do 31 2 B wind tunnel tests, measurement period V:
ground effect measurements," Dornier VW 352-B6.

5. Esch, P. and Joos, R., "Do 31 2 B interference and ground
effect measurements in the DW wind tunnel," Dornier
VW 537-B1.

19



/26

BtTr gSPprk(t b.

3230

C4

2
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Landing flap angle 4K = 450
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2. Preparation of Measurement Data for the Balances of Forces /37

and Torques in Do 31 Transitions

Overview of Contents

2.1. Introduction
2.2. Notation
2.3. Data Preparation
2.4. Calculation of Jet Interference
References

Tables

2.1. Do 31 geometry and moments of inertia
2.2. Aerodynamic coefficients

Figures

2-1. Do 31 El/E3 test aircraft in flight and on ground.

2-2. Comparison of gross thrusts for cruising power plants and
thrust power plants determined by various methods of com-

putation. Do 31 E3 trial 243, takeoff phase.

2-3. Comparison of measured and smoothed acceleration in

z-direction (coordinates fixed relative to aircraft).
Do 31 E3 trial 243, takeoff phase.

2-4. Comparison of measured, smoothed and corrected angles of
attack.
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2.1. Introduction /39

The development of a new aircraft generally requires a large
number of model tests in both the initial and advanced stages,
and it provisionally terminates in the testing of a prototype.
One goal of this testing is also to check information obtained in
model tests with regard to its usability for the full-scale version.
This is particularly applicable if new engineering is employed.

During the course of Do 31 development, jet interference
proved to be an important factor influencing VTOL performance and
flight characteristics. An evaluation of the flight tests
initially encountered serious problems, however, which stemmed in
part from the measurement system and in part from the methods of
evaluation. In the course of time, however, improvements were
achieved in both areas, so it was possible to undertake an evalua-
tion with some promise of success.

2.2. Notation /40

CA, CW1 CM Aerodynamic coefficients of lift, drag, and
torque, respectively

E Inlet momentum

F Reference area for wing

G Instantaneous gross aircraft weight

g Acceleration due to gravity

Iy Moment of inertia

k Mean aerodynamic wing chord

Minter Jet-induced pitch torque

MS Pitch torque due to power plant thrust

ME Pitch torque due to inlet momentum

qdyn Dynamic pressure in flight, from Pitot tube

So  Gross thrust from power plants

utot, wtot Normal accelerations

q Angular acceleration

Xs, Zs  Distance between center of gravity and reference
point

a Angle of attack
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Subscripts:

X, 'Y, Z Coordinates fixed with respect to the aircraft
(positive downward and forward)

HTW Lift power plants

MTW Lift/thrust power plants (cruising power plants)

2.3. Data Preparation /41

The evaluation of flight tests with regard to jet inter-
ference proved to be so difficult because the jet-induced forces
and torques were obtained as differences between several large
quantities [1]. In order to keep error in jet interference
small, all measured quantities involved in the calculation had to
be known with the highest possible accuracy. In addition, it is
possible to improve the results by suitable mathematical.and
statistical methods. This entire approach is of course also
applicable to wind tunnel tests and was likewise practiced in.the
initial period, but in the separation of model and power plants
we find the much simpler possibility here of directly measuring
jet interference, at least in hover.

Reference has already been made to the importance of a high-
quality measurement system. Decisive improvements could then
also be made during the course of flight testing, not least of
all through our own developments. As an example of this,
Fig. 2-1 shows the Do 31 with attached Dornier Fluglog ["flight-
log"] for the combined measurement of angle of attack, angle of
sideslip, and aircraft speed.

Unfortunately, the Fluglog, in the form in which it was used
with the Do 31, is also an example of poor data acquisition. In
the acquisition of aircraft speed, excessive integration time and
imprecisely known access time results in time lags
which are no longer tolerable for this evaluation. For the
evaluation of jet interference, we therefore relied on the deter-
mination of aircraft speed from dynamic pressure measurements
which were also carried out, in conjunction with the measurement
of ambient pressure and ambient temperature.

Due to its exposed position well ahead of the nose of the E /42
fuselage, angle measurements with the Log are inaccurate if the
aircraft executes rotary movements about its transverse or
vertical axis. This inaccuracy is of course particularly serious
at low aircraft speeds and was therefore corrected during data
preparation. The effect of this correction is clear in Fig. 2-4,
about which more will be said in another connection.

The success of jet interference calculations depends upon the
accuracy of the method for calculating thrust. In the course of
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testing the Do 31, two methods were developed for each type of
power plant; although these do not agree completely, their accuracy
is such an improvement over earlier methods that an evaluation

appears reasonable. Fig. 2-2 shows a comparison of the various
methods. In the case of lift power plants, only the rp method
can be considered for jet interference evaluation, since the thrust

of each power plant is required for the balance of torques, not
just overall pod thrust as provided by the fuel flow method. In
the case of cruising power plants, the rpm method yield a some-
what flatter thrust curve, so the rpm method was selected for
calculating thrust both for this reason and for the sake of
uniformity.

A second important factor in the calculation of jet inter-
ference is the determination of weight. Weight is determined from
known takeoff weight and fuel consumption. Unfortunately, a
shortcoming must be mentioned here, too, as the measurement of
consumption by the right thrust power plant pod occasionally
involves error; a slight consumption level is indicated with the
power. plants not running. Since the evaluation of jet inter-
ference is made for relatively short phases of flight, on the
order of 2 or 3 min, the errononeous consumption figures were
taken, and the initial weight for the corresponding phase of
flight, manually corrected by the difference in consumptions
between left and right lift pods, was just inserted into the pre-
paration program.

In each set of measurements, the data exhibit a certain dis- /43
persion, and stray values are also possible. The principal goal
of data preparation is thus to ensure a certain degree of balance.
If only occasional stray values occur, an appreciable improvement
can be expected if an adapted smoothing method is used to eliminate
roughness in the data. The method used here (cf. [2]) uses a
cubic parabola for smoothing, the coefficients for which are deter-
mined by the method of least squares. The measured data

to the left and right of the position being considered are made
use of here, with all values being assigned a weight corresponding
to the Gaussian error function. For this purpose, in turn, the
number of points is preselected, and the interval thereby deter-
mined is assigned to the so-called 3a limits. The weights have
then thereby been determined. Test calculations with different
numbers of points naturally yielded a smoother curve as the num-
ber of points was increased. It must be noted, however, that
actual effects are then also obliterated; for example, rotation
of the cruising power plants begins with a discontinuity which is
no longer manifested after smoothing. The number of points was
taken at 31 for preparation; at a data frequency of 5 Hz -- most
of the recordings earmarked for evaluation are available in this
form -- this corresponds to a time interval of 3 sec before and
after the point in time which is under consideration. More is
probably no longer reasonable, since changes in the state of
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flight can be made during this time span by the pilot for which
the approximation with a cubic parabola is no longer adequate.

A continuous curve is obtained by smoothing the data. This,
in turn, eliminates the need 'for an evaluation at the frequency
with which the data are available. The evaluations, to be dis-
cussed below, were made at a frequency of 1 Hz, which has proven
to be a usable value. On the other hand, unnecessary computations
are avoided -- unnecessary because the state of flight has changed
too little; on the other hand "fast"changes in the state of flight /
are still covered with a sufficient number of points. /44

Smoothing is done without regard to whether data which are
related to one another also match. For example, no attention was
paid to whether smoothed acceleration, once integrated, yields
the smoothed velocity. It is simply assumedthat the measured
data are dispersed about the correct value.

As an example of smoothing, Fig. 2-3 first shows measured
acceleration, with the aircraft as a fixed reference, in the
Z-direction as compared with the smoothed value. The evening
effect of smoothing is quite discernible, but so is the fact that
pronounced obliteration has not yet occurred. The same applies
to Fig. 2-4, in which smoothing of the angle of attack is shown.
The angle of attack correction described above is also shown.

All measured data which are required for calculating thrust
and weight were excluded from smoothing. In these cases, the
calculation was first made and then the results smoothed. In the
calculation of weight, it makes no difference what approach we
use, since the consumption data are already relatively smooth.
In the calculation of thrust, a still more precise study would be
necessary, although here, too, the calculated values are already
rather smooth, as Fig. 2-2 also shows. The reason for this approach
lies in the assumed lower time consumption.'

These extensive measures taken for data acquisition and the
abundance of data themselves can only be handled by a program for
an electronic computer, quite aside from the fact that the initial
values are stored on magnetic tape. One FORTRAN program each was /45
therefore written for the described preparation procedure and
for the evaluation which followed. These programs are supported
by three others which are not necessary for the actual calculations
but do offer certain opportunities for control and further
processing. The entire program [3] is designed for use on an
IBM/360 computer.

2.4. Calculation of Jet Interference

The equations of motion in six degrees of freedom form the
basis for calculating jet interference from the flight test data.
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Since lift loss and jet-induced torque, only, are of primary
interest for vertical takeoff and landing engineering, it is suf-
ficient to make the calculations in the vertical plane. It is
also sufficient to calculate the aerodynamic components in the
remaining three equations with simplified coefficients, since
velocity is low in the transition region, so the effect of com-
pressibility can be ignored. The nonsteady derivatives are also
neglected, due to their normally small effect. Instantaneous
total gross thrust was chosen as the reference quantity for jet-
induced forces, so that interference parameters in a coordinate
system fixed relative to the aircraft can be calculated from the
following equations [L].

Xinter G Utot - x E osa
n_ sSo So 9 S

+ (CA'Sina - CW cosa) So

inter G S - E sina
S S o S

0 so

(C *cosa + C sina)* d

/46

Minter q . G X s . 1

* S 0 U + 1 ; iU
0 0

tot Zs Wtot 's

Ms + ME + dyn . F
SO . + CM SO

The torque reference point is the aerodynaiic .reference point
corresponding to 22.5% R,. These equations form the content of
a computer program which makes use of the measurement values
prepared as described in the preceding section and the data com-
piled in Tables 2.1, 2.2 and 2.3 for aircraft geometry, moments
of inertia and aerodynamic coefficients.

The results of these calculations are given as computer
printouts in list form. In addition, a certain level of inter-
pretation of the results can immediately be made by the computer.
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For this purpose, certain classes were introduced for the two most
important parameters of jet interference in the case of the Do 31,
the angle T of nozzle rotation of the cruising power plants and
the ratio SHTW/SMTW of lift power plant thrusts to cruising power
plant thrusts, and dimensionless jet-induced lift or jet-induced
torque was expressed as a function of effective velocity ratio

(V-/Vj)eff in the form of a print plot.

Ten Do 31 E3 flights were available for evaluation, with a
total of three vertical takeoffs, eight vertical landings and
nine simulated landing approaches and other flight maneuvers, on
whose results a report will be given in Section 3.
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TABLE 2.1. Do 31 GEOMETRY AND MOMENTS OF INERTIA /48

Wing area F = 57.0 m2

Span b = 17.0 m

Aspect ratio A = 5.07 --

Reference chord length kg = '3.415 m

Distance of cruising power plant inlet
momentum from transverse plane XME = 1.60 m

from horizontal plane ZME = -0.39 m

Distance of cruising power plant
gross thrust, cold, from transverse plane XMBC =  0.30 m

from horizontal plane ZMBC 
=  0.267 m

Distance of cruising power plant
gross thrust, hot, from transverse plane XMBH = -1.70 m

from horizontal plane ZMBH = -0.267 m

Distance of lift power plant inlet momentum
from transverse plane

Lift power plants 1 and 5 XHE1, 5 
=  0.55 m

Lift power plants 2 and 6 XHE2,6 = -0.26 m

Lift power plants 3 and 7 XHE3,7 = -1.07 m

Lift power plants 4 and 8 XHE4,8 = -1.88 m

from horizontal plane ZHE = -2.06 m

Distance of lift power plant gross thrust
from transverse plane

Lift power plants 1 and 5 XHB1, 5 = 0.25 m
Lift power plants 2 and 6 XHB2, 6 = -0.56 m

Lift power plants 4 and 8 XHB3, 7 = -1.37 m

Lift power plants 4 and 8 XHB4,8 = -2.18 m

from horizontal plane ZHB = -0.78 m
Distance of tail control nozzle

from transverse plane XHD = -12.569 m
from horizontal plane ZHD = -1.655 m

[Table 2.1 continued on following page.]
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TABLE 2.1. (CONTINUED) /49

Coordinates of Center of Gravity from the Following Equations:

Landing gear retracted:

17250 < G < 18450 x = 13 . 10 . G - 0,157 m

-6Z = 47 . 10 . G- O,713 m

-618450 G *. 19670 V = 20 . 10 . G - 0,286 m

-6
zs  = 47 . 10 . C - 0,713 m

19670 < G < 24500 x = 11 . 10 6 . - 0,13P5 m
-6

S = 34 . 10- 6 . - 0,457 m

Landing ,gear extended: allowances for all weight ranges

-6Ax -3,4 . 10 6  . G + 0,13 m

AzS  -4,o . 106 . (0 + ,17 r

Moments of inertia from the following equations:

Landing gear extended: IF = O,1125 . G + 25 900 rkps 2

Landing gear retracted: Iy = 0,0734 . G + 26 130 mdkcs 2
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TABLE 2.2. AERODYNAMIC COEFFICIENTS
(F = FLAPS, Lg = LANDING GEAR)

*:A o Fa) 0 ( - co F - A )

w = (c + ACW Fk + AcW Lg + ACW HTW ) A (K + K2 CA)o

dcM dcM

CM (C + ACMo F + AcrioLg +(M + A )Lg )x

0 o - - g dc H

/50

where

o = -2.13o K1 =-(0.290 + 0.881 •- O )

ACo Fk = -3.5 2
°  K nK

S45°  K2: = (1.304 + 0.267 • Lo )
450

Ao = 0.34o /
o.Lg M = 0.058

dCA = 5.127 0 K
da C AMoFR = 0.13 45

A A = 0.368
c 9 0.48 ACMoLg = -0.015

Cwo =0.042 ndCM = -0.505

AcWF£ = 0.058 * -- da

450 dc M45a (--Lg -0.125

ACW Lg = 0.073
de

AcWHTW = 0.018 with lift pod flaps open \ - =U -1.432

[Table 2.2. continued on following page]
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TABLE 2.2 (CONTINUED)

in the range of validity /

(4 0 + 100) < < (130+ 30 n K
45 - - 45

and Ma < 0.3

The values listed above were obtained from flight tests;
CA and CW are trimmed values. The elevator component is there-
fore also absent. The CM values were subjected to preparation
and represent CM values for nH = 0; thus the additional term for
elevator torque.
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Fig. 2-2. Comparison of gross thrusts for cruising power plants and
thrust power plants determined by various methods of computation.
Do 31 E3 trial 243, takeoff phase.
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z-direction (coordinates fixed relative to aircraft). Do 31 E3
trial 243, takeoff phase.

Key: a. Measured values
b. Smoothed with 31 points
Bzf = acceleration in z-direction of coordinate system

fixed relative to aircraft
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3. Evaluation of Representative Do -31 -Transitions .with Respect /56
to Jet-nduced Forces' and Torques' and Comparison with Model
Measurements

Overview of Contents

3.1. Introduction
3.2. Notation
3.3. Evaluation of Do 31 Transitions
3.4. Comparison of Test Flight and Wind Tunnel Measurements

Tables

3.1. Listing of Do 31 flights evaluated with respect to jet
interference

3.2. Jet interference evaluation, Do 31 E3, trial 247, takeoff

Figures /57

3.1. Jet-induced normal force, Do 31 E3 trial 247.

3.2. Jet-induced torque, Do 31 E3 trial 247.

3.3. 'Time curves of a number of data for a portion of the
landing phase, Do 31 E3 trial 247.

3.4. Jet-induced normal force, Do 31 E3, all flights listed in
Table 3.1.

3.5. Jet-induced torque, Do 31 E3.

3.6. Do 31 E3 flights, mean jet-induced normal force from
Fig. 3.4.

3.7. Jet-induced normal force, Do 31 E3 trial 247 with ao
correction.

3.8. Jet-induced torque, Do 31 E3 trial 247 with ao and CMo
correction.

3.9. Do 31 E3 trial 247: jet-induced normal force coefficient
versus angle of attack.

3.10. Do 31: jet-induced normal forces during vertical
landing. Comparison between wind tunnel and flight test.
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3.11. Do 31: jet-induced pitch torque during vertical landing.
Comparison between wind tunnel and flight test.

3.12. Do 31: jet-induced normal force due to ground effect /58
during four vertical landings.

3.13. Do 31: jet-induced pitch torque due to ground effect
during four vertical landings.
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3.1. Introduction /59

This is not the first time that VTOL flights by the Do 31
have been studied with regard to jet interference. Back toward
the end of Do 31 flight testing in 1968, an attempt was made to
determine the jet-induced forces and torques from measurement data
stored on magnetic tape. The data for interference evaluation
were at that time more or less byproducts of the actual test
assignments, for which reason the required accuracy of certain
measured quantities, particularly thrusts, was inadequate. The
results of jet interference evaluation were therefore likewise
unsatisfactory. The dispersion of the results was sometimes so
great that no conclusions could be drawn.

A method for more accurately determining thrust was developed
by Dornier for the study of Do 31 VTOL landing techniques carried
out in the years 1969/70 under a NASA contract.

Reprocessing of the aerodynamic coefficients on the basis of
conventional flights by the Do 31 E3 was accomplished as part of
the Do 31 simulation program at NASA.

A considerable improvement in starting conditions for a re-
newed jet interference evaluation was thereby obtained. Addi-
tional measures for improving accuracy and for smoothing the data
were carried out as part of these studies and are explained in
Section 2.

3.2. Notation /60

B Wing span

cz  Coefficient of normal forces (positive: downward)

cM Coefficient of pitch torque (positive: tail-heavy)

F Wing area

H Distance between landing gear and ground

ZP Mean aerodynamic chord length

M Pitch torque

q, Flight dynamic pressure

SH  Thrust of Do 31 lift power plants

SM  Thrust of Do 31 cruising power plants

So  Gross thrust of power plants

v Aircraft speed

vj Initial velocity of nozzle jet
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-P p mEffective velocity ratio
eff I -

X Tangential force (coordinates fixed relative to
aircraft) positive forward

Z Normal force (coordinates fixed relative to
aircraft) positive downward

a Angle of attack

T Angle of cruising power plant nozzle rotation;
T = 0 when jet is directed rearward

nK Angle of special flaps

6 Aircraft angle of pitch

3.3. Evaluation of Do 31 Transitions /61

This evaluation is limited to so-called NASA flights per-
formed in 1970, since usable magnetic tapes of measured data are
still available only for these flights and, moreover, the method
of thrust determination is usable only for these flights, as
already mentioned. The test program at that time was oriented
almost exclusively toward the study of landing methods for verti-
cal landings, so the parameters which are important for jet
interference processes cover only a relatively narrow range.
Table 3.1 shows a compilation of the evaluated Do 31 E3 flights,
including time intervals and flight maneuvers.

The measured data are treated by the method described in
Section 2. The results are available for each flight in the form
of a list which contains the most important flight data and the
jet-induced normal forces ZI = AZ/So, tangential force
XI = AX/So and pitch torque MI = AM/Sokp, referred to instantaneous
gross thrust So and mean aerodynamic chord length Z., at inter-
vals of 1 sec. In addition, AZ/S o and AM//So0 , P are plotted over
effective velocity ratio

V 2Svj . 9j
eff

in a print plot. The angle T of cruising power plant nozzle
rotation and the ratio SH/SM of lift and cruising power plant
thrusts are divided into different classes here.. Altitudes of
H/b < 0.8 are eliminated in the print plot, since the ground ef-
fect is treated separately.
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Table 3.2 shows the vertical takeoff and vertical landing in
trial 247 as an example, Figs. 3.1 and 3.2 show jet-induced
normal force and pitch torque in a print plot. Fig. 3.3 shows the
time curves of the most important parameters of the state of
flight during a portion of the landing phase to touchdown.

The takeoff phase to lift power plant shutdown lasts only /62
about 20 sec. After vertical liftoff, the flight path is rather
flat, so the aircraft is not entirely outside the ground effect
(H/b > 0.8) until 13 sec have elapsed. This is the reason for the
small number of measurement points for the takeoff phase in
Figs. 3.1 and 3.2. At H/b < 0.05, the aircraft is standing on the
ground. A conspicuous feature in the list is that a dynamic
pressure of about 4 kp/m 2 , corresponding to a Veff = 0.03, is
indicated both prior to takeoff and after landing.

The average behavior of jet-induced normal force in Fig. 3.1
corresponds qualitatively to the wind tunnel results. The level
in flight measurements is higher, however. A conspicuous feature
is the constant behavior of torque in Fig. 3.2. Otherwise, the
dispersion in measured data is relatively small compared to
earlier evaluations. Individual stray values can be ascribed to
highly unsteady phases of flight (increase in thrust, rotation of
nozzles), as one can see from the list.

The print plots for all evaluated flights are collected in
Figs. 3.4 and 3.5. Unfortunately, the concentration of measurement
points about a mean value which was hoped for under equivalent
conditions did not occur; rather, the range of dispersion was
enlarged considerably. In order to obtain a qualitative impres-
sion of the effect of the principal parameters T and SH/SM, the
means are taken from Fig. 3.4 and plotted as curves in Fig. 3.6.
Jet-induced normal force is always smaller for throttled
cruising power plants; this is reasonable, since the cruising
power plant jets exhausting under the inboard wing cause con-
siderably more interference than the lift power plants mounted on
the wing tips. The predominant effect of the cruising power
plants on AZ/S o can also be seen from the pronounced dependence
upon angle of rotation.

Analysis of the lists of VTOL landings for all evaluated
flights yields the following information:

a) After touchdown on the ground (H/B < 0.05), dynamic /63
pressure is still q, = 4 to 10 kp/m 2 , corresponding to a Veff
= 0.03 to 0.05; see table below.

Since no statements are made in the flight records con-
cerning wind velocities, it is assumed that a shift in the zero
point is involved and that the actual value is Veff = 0.
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b) At H/B = 0.8, Veff is approximately the same as at
H/B = 0.05. The considerations discussed under item a) thus
apply. At the same time, jet-induced normal force fluctuates
over 0.036 < AZ/S o ' 0.097 from one flight to another. Since
the value of AZ/S o would have to be the same for all flights under
the:,;given identical boundary conditions, a shift in zero points is
assumed to have occurred for one or more measured values. An
error on this order of magnitude is eliminated in the case of
weight determination. An error in normal acceleration is elimi4
nated for the reasons to be presented under item c). A shift in
the level of thrust is supported by the fact, presented'in
Section 2, that appreciable differences in magnitude exist between
cruising power plant thrust as determined by the rpm method and
by the nozzle pressure method and/or between lift power plant thrust
as determined by the rpm method and by the fuel flow method.

VTOL :landings

Trial H/B = 0.05 H/B = 0,8

No. Veff eff

231 0,047 0,033 0,095

240 0,031 0,027 0,036

243 u,050 0,054 0,097

247 0,042 0,037 0,072

It follows from the wind tunnel measurements that a thrust
loss of AZ/S o = 0.036 must be expected in hover outside the
ground effect.

c) For the state of flight at the beginning of the landing /64
phase, prior to starting the lift power plants, ,T = 100, nK = 450,
landing gear extended, the aerodynamic coefficients were deter-
mined from earlier Do 31 El flights under the assumption, as
mentioned earlier, that no jet interference occurs. In the pre-
sent evaluation, five different flights yield a jet-induced
normal force of AZ, " 1200 to 1400 kp at q = 320 to 350 kp/m 2

dynamic pressure for the specified phase of flight:. Similar
conclusions apply to jet-induced pitch torque. Since a deviation
which is approximately constant for several flights is involved,
a correction can be used for the aerodynamic coefficients. Since
a dependence upon a cannot be detected (to be sure, the range of
stagnation pressures and thus the range of a are very narrow),
a shift in the zero-point direction of lift and zero-point torque
is suspected.
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In contrast to the Do 31 E3, the flaps of the lift power
plant pod and the deflection cascade on the lift power plant in-
let were not extendible in the El, so the aerodynamic coefficientq
determined with the El do not include these.effects. In particu-
lar, a shift in cMo is justified for this reason.

d) Highly nonsteady phases of flight, produced during
changes in thrust or during nozzle rotation, for example, produced
stray values in spite of smoothing of the data and should be
omitted from evaluation.

Trial 24 7 was reanalyzed, taking items a) through d) into
consideration. In accordance with item c), residual force is
AZ = 1250 kp for q = 350 kp/m 2 . This corresponds to a normal force
coefficient of ACZ = -0.0626 which is neutralized as a shift in
the zero-point lift direction by Aa o = -0.750. Accordingly, a
shift by ACMo = -0.067 is introduced. Thus the interference
computation for flight 247 yields freedom from interference on
the basis of the assumptions in the conventional landing state of
flight. Evaluation of the vertical landing with modified co-
efficients is shown in Fig. 3.7 and 3.8. As was to be expected,
the effects of the change were in the form of an increase in nor- /65
mal force and in torque with increasing dynamic pressure.

On the basis of a dispersion in the AZ/S o values observed, in
particular, at higher values of Veff, it was suspected that jet
interference is a function of angle of attack. For this reason,
the jet-induced normal force coefficient ACZ is plotted in
Fig. 3.9 against angle of attack for various phases of flight in
flight 247. The plot indicates a dependence upon a. A change in
the increase in lift has already been observed in wind tunnel
measurements, for which reason the wind tunnel results are given
for a = 00. The; measured data plotted in Fig. 3.9 are not suitable
for correcting the flight measurements to a = 00, since dispersion
is too great and, moreover, a portion of the dependence upon a
may be credited to a correction in the conventional aerodynamic
coefficients.

Regarding the evaluation of jet interference in the flight
tests, it can be stated, in closing, that usable values for the
magnitude of jet-induced normal force and of pitch torque were
obtained both for the transition outside the ground effect and
for vertical landings. The values associated with hover outside
the ground effect (H/B > 0.8) are the least reliable. There is
apparently an error in the method for determining thrust. At
the higher aircraft speeds, toward the end of the transition,
inaccuracies in the interference-free aerodynamic coefficients used
as input become highly noticeable. A more precise evaluation of
jet interference for future flight tests is only possible if
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a) the determination of thrust is further improved,

b) the interference-free aerodynamic coefficients are
determined as precisely as possible from flights with the
test aircraft,

c) special flight maneuvers are flown'for jet inter-
ference studies,

d) wind velocity and direction are determined precisely
during the takeoff and landing processes.

3 .4. Comparison of Test Flight and Wind Tunnel Measurements /66

Due to the difference in magnitude of AZ/S o in hover outside
the ground effect mentioned under item b) in Section 3.3, this
flight state was selected as a reference point for comparison.

In Figs. 3.10 and 3.11, the normal force induced in transi-
tion and pitch torque are plotted over Veff. The uncorrected
values and those correctedf:'or ao and cMo are higher for the
flight test values than for the wind tunnel. The uncorrected
torque curve was not drawn in, since there is no dependence upon
Veff. The corrected torque curve, on the other hand, is not far
from the wind tunnel curve. From this example we see how marked-
ly a relatively small change in the aerodynamic coefficients
affects the determination of jet interference, particularly at
high aircraft speeds.

For comparison, the maximum available control torque, con-
sisting of jet control and aerodynamic elevator control, is
plotted in the lower portion of Fig. 3.11.

The effect of ground distance upon jet-induced normal force
and pitch torque is shown in Figs. 3.12 and 3.13. Results from
four vertical landings are plotted. The state associated with
hover outside the ground effect (H/B > 0.8) has been chosen as a
reference point.

The reason for the great band width of the plotted wind
tunnel measurements is that the angle of pitch was varied over
-100 < 0 < 100. A finer breakdown of the 6 effect is not
profitable, since the unstable flow field close to the ground
reacts sensitively to changes in 0, and nonreproducible measure-
ment results exist in some cases.

The figures provide an impression of the disturbances in
normal force and in pitch torque occurring during vertical landings
and exhibit satisfactory agreement with the wind tunnel
measurements.
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TABLE 3.1. LISTING OF Do 31 E3 FLIGHTS EVALUATED WITH RESPECT
TO JET INTERFERENCE

Trial No. Time interval Flight maneuver
From To

h h'
231 16  2 54.02 16 5 57.02 Vertical landing

h "h237 16h 24 38.02 16 26 51.02 Simulated landings

1 6 h 30 51.02 16 22 10.02

h "h238 10h 2 23.02 10 3 54.02 Simulated landings

10h 6 38.02 10 h 7 53.02

239 12 8 30.02 12h 10 31.02 Simulated landings

h h
12h 14 39.02 12 17 0.02

12h 21 1.02 12h 23 37.02 Vertical landing
h h

240 14  49 15.02 14 52 15.02 Vertical landing

243 16h 18 13.02 16 19 0.02 Vertical takeoff
h ' h

16h 18 19.02 " 6 19 57.02 Climb without lift

16h 27 2.22 16h 28 57.22" power plants

h ' " h16 36 45.02 16 38 30.02 Vertical landing
h oh

244 11h 19 21.02 11h 21 31.02 Simulated landing

11h 25 50.02 11 27 53.02 Vertical landing

246 B 10h 51 22.02 10h 53 10.02 Vertical landing with
forward speed

247 14h 18 50.02 14h 19 20.02 Vertical takeoff

14h 32 2.02 14h 35 0.02 Vertical landing

248 16h 4 15.02" 16h 4 41.02 Vertical takeoff

h h16 10 0.02 16 11 13.02 Simulated landing

16h 16' 0.02 16h 18 10.86 Vertical landing

Three vertical takeoffs
Eight vertical landings
Nine simulated landings
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SYMBOL 6 ENTSPatlCT 100 < TAU ( 120 GOAD

Fig. 3.1.b. Jet-induced normal force, Do 31 E3, trial 247. Thrust ratio

SH/S M of 1.400 to 2.100, without ground effect (H/b > 0.8).

Key: a. Jet-induced normal force
b. Corresponds to
c. Degrees
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Fig. 3.2.a. Jet-induced torque. Do 31 E3, trial 247. Thrust ratio

SH/SM of 1.000 to 1.400, without ground effect (H/b > 0.8).

Key: a. Jet-induced torque
b. Corresponds to
c. Degrees
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Fig. 3.3.a. Dynamic pressure q kp/m 2, Do 31 E3 trial 247, landing phase.

cy Key: a. E3 trial 246; b. Time, see
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Fig. 3.3.b. Altitude H m.

Key: a. E3 Trial No. 247
b. Time, sec



a
E3-VES.247? *KLIKH3*

52381.02 4 *
52382.02 + I

b z.it 52333.02 /79S 52384.CZ +
52385.02 4
52386.02
523A7.?02 *
5Z3d.02 * I
52389.02 I
5231C.C2
52391.02 4
52392.0 C 2
52393.02
52391.02 I
52395.02 4
52313.C2 I
52397.02 * I
32398.02 I
92399.02 *
52400.0?
S2401.02
.24C2.0C2 I
$2403.02 I
!240-.0?2 I
52405.02 I
52&06.02 4
52407.02

52409.02 I
52410.02 I
5Z4211.C2 * I
!2412.CZ I
32413.02 4 *
52'14.C2 + I

92*16.02 , .e

5241.C2 * I
2412.02 I

52.12.02 *

1242.02 * *
5242.02 I

2*42.02 I

!2425.02 I
52429.CZ *

2624.02 I
52421.0? I
!2426.02 I
3243.02 I
52431.02
S24z9.0Z
52430.02

52431.02 4 I
52434.02O *

'2438.02 *

*924.02

!2435.02

52440.02

-14.000 -t.oM -to.000 -9.oD1n"*-1

at

Fig. 3.3.c. Normal acceleration BZ' m/s2

Key: a. E3 trial No. 247; b. Time, sec
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a /81a
)-vre S .247 Lt*K tM)s

52381.02
52 32.C2 *

b t " 2s 3 .oZ * .
sz30**Z +0
:2385.C2
:i.0.o2 *

5239C.C2 *
52391.C2 a *
52312.02 *
$2193.02 a *

S2 )4.02 * e
2395.0Z a a

523€6.C2 a a
523S7.02
52398.C2 e
2399.02 * 

524C0. * S

524 '1.02 * *
52402.CZ *
524C3.CZ a a
52404.02 a *

!2405.Cz a a

520t.0? a *92401.02 Z

52410.02 * *
.2411.0?

52413.0Z5413.02OZ

21415.C2 * a
,2416.cZ a

1241 .02
S241.02 *
1241.02

52421.0Z a ,
5222..02 *
52423.CZ . a

24'24.CZ * a
52429.02 *
SZ426.C2 a a

524327.0? a

52431.C2

52433.O252434.02 * ,
24)54.CZ *

i24*.C *

K :.43.0a * e
Key5 a.. E3N; e5243 .O * e

S.3 1n . *10**1



e
*
 

j

: 
-

-

-
* 

cr
* 

0
e• 

: 
o

* 
* 

*
 

* 
O

 
O

:* 
0

0: 
.

.
***... 

eD

7
0

S
* 

aO

0 
0

~
~

n
~

ercp
~

~
n

n
~

ro
o

rh
r~

C
C

b
~

e~
I~

O
IV

~
ln

*
~

6
~

l~
~

~
~

cv
i~

9. 
p~U

~(~PV
 

IC
F31 

*O
U

~
~

~
r~

~
~

h
~

Z
n

n
~

 
~ 

~ 
~

i.~
o
~

* ~ 
n
4
 ~ 

n
 

n
n
 

9
.n

n
 

N
,~

r~
rv

 
ir 

N
. 

r
~

~
~

r
 

~



a at*S4 *KL1 E)*

t2t.C * - /83
b 3 $ 52303.02 4 •

b Wtl\ *
A 5234.CZ * I

23 02 *
5s3ts.02 *

sz!8b.02 *
5231r.02 4 

I

5239C.C2 a I

$2191.02 *

2394.02 *
)q5.CZ *

52)16.02 *
$231.02 4

253~8.02 *
52?'9.C2 * 0.

52400.02 *
24C.CZ *

52402.02 *
"2403.02 *

Z:404.C2 *
92., 5.02 4 

I

52C,.CZ *
1240.C02

52410.02 4
:W44l.02

1Z41C.CZ *

52413.0? 4 
I

5l432.02 *

52414.02
52414.C2 *

124)0.02
!24.02 0

.242..C. .

24'2.02 *1
:24'1.02 *
$.225.c2 *

S2424.C2 *
124.C' *

2 Key: a. E3 trial.02 no. 247; b. Time, sec
$2410.0? *

o;4$.02 4

5243.02 *
524t4.02 *

52431.02 4

12430.02 0

AL* A

Fig. 3.3.g. Angle of attack a.

Key: a. E3 trial no. 2/17; b. Time, see
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Key: a. Jet-induced normal force
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c. Degrees
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Fig. 3.5.c. Jet-induced torque, Do 31 E3. Thrust ratio
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Key: a. Jet-induced torque
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c. Degrees
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b. Corresponds to
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Fig. 3.8. Jet-induced torque, Do 31 E3 trial 247, with Mo and
ca correction. Thrust ratio SH/SM from 1.100 to 1.550,
without ground effect (H/b > 0.8).

Key: a. Jet-induced torque
b. Corresponds to

Co c. Degrees



/100
o

ACz
AZ

) s - _ v3ff.

l • I o.30-o.354 1 .s 1.28

o 0.3t4 -0.339 10.6 0

0 0 0.323-0 3C6 65 1.32

. * 0 - 0.227-0275 67 1.29

S0 IV 0.23 -0207 IC3 1.50

S 0.205- 0.179 108 1.0

0 0
c -3' 0

-s - -) -2 0 2 -1 r 5 a

Fig. 3.9. Do 31 E3 trial 247: jet-induced normal force coefficient
versus angle of attack.



Q.S 
/101

V [AZ

e-1Pa 9* I* korgiert I
010 a F ug 247

unkorrigirt C

Windkonol - Hessung

0z - zVeil.

1) Vo min = indicated velocity at H/b = 0.8.

Fig. 3.10. Do 31: jet-induced normal force during
vertical landing. Comparison between wind tunnel
and flight test.

Key: a. Flight
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d. Wind tunnel measurements
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Key: a. Angle of nozzle rotation
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d. Wind tunnel measurements: all power
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4.1. Introduction

[Section 4.1 not included with German document.]

4.2. Notation /108

AA Change in lift due to jet interference

b Wing span

CA,CMCW Aerodynamic coefficients of lift, torque and drag,
respectively

Cp Pressure coefficient

Dj Diameter of thrust nozzle

H Ground distance

Rp Mean aerodynamic chord depth

AM Change in pitch torque due to jet interference

Ma Mach number of thrust jet

Po Total pressure in thrust jet

p" Ambient pressure

So, SMTW Gross thrust

v0 Aircraft speed

vE Power plant inlet velocity

vj Power plant jet velocity

AZ Change in lift thrust due to jet interference

a Angle of attack

p Density

4.3. Principles Pertaining to Models /109

4.3.1. Inlet Flow

The simulation of inlet flow with a model must be done in
such a manner that the flow conditions associated with the full-
scale version are set up, both in the power plant inlet and in the
region surrounding it. Certain conditions with regard to pressure
drop, dynamic pressure recovery and uniformity of flow must be
satisifed at the inlet for efficient and disturbance-free operation
of the power plants. Maintaining the same ratio VJ/VE between
free stream velocity and inlet velocity can be considered the
most important principle pertaining to models. Since separation
phenomena at the lip of the inlet or at the hub are a function of
Re number, approximately similar conditions to those associated
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with the full-scale version must be created by artificial transi-
tional means if the ratio is not maintained with the model. Mach
number effects are not so important, in contrast, since the
usual mean inlet velocities do not exceed 150 m/s.

The external flow field of the inlet flow is governed by the
sink effect, which, if compressibility effects are neglected, is
determined only by maintenance of the kinematic flow condition
in the form of velocity ratio VO,/VE.

4.3 .2. Power Plant Jet

The model principles which apply to jet simulation are
governed by the principles of free jet propagation in quiescent
or moving air surrounding the jet. The most important similarity
parameter is the ratiq of he momentum densities of the oncoming
flow and the jet (p v./pjvj). From this is derived the so-called
effective velocity ratio

e = /110
je Pi 3

which has generally been adopted as a useful characteristic quan-
tity in jet interference processes. Temperature effects can
thereby be neglected for all cases encountered in practice. Mach
number plays a certain role in free jet propagation; the drop in
dynamic pressure along the axis of the jet takes place more
slowly at high Mach number than at low Mach number.

Measurements in [4], Fig. 4.1, show the corresponding effect
upon the jet-induced pressure distribution on a panel with a
central jet. Measurements with the 1:20 model of the Do 131 in
hover close to the ground likewise show that jet-induced force
decreases slightly with increasing Mach number, Fig. 4.2. The
Mach number effect will probably become insignificant for future
V/STOL aircraft with fan power plants of relatively low jet Mach
number.

The effect of the Re number of both the free stream and the
jet can be neglected. However, initial conditions in the nozzle
outlet have a considerable effect on free jet propagation. They
include the distribution of static pressure and total pressure,
as well as the degree of turbulence. The latter was not taken
into consideration in those jet interference studies known to us.
Its importance will increase, however, as more is done in the
future in the way of measures aimed at the rapid decay of the jet
due to noise and erosion considerations. For fan power plants, too,
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it is necessary to attend to this point, since attention must be
devoted to blockage by the relatively, large hub and to a residual
spin in the jet.

4.4. Test Method /111

The decisive point for a reliable V/STOL test method is
power plant simulation. The first generation of V/STOL aircraft,
including the Do 31, for example, was equipped with single-stage
power plants which were installed in engine pods on the wings.

Due to the location at
which they were installed,
and because the inlet

- momentum of these lift
power plants amounted to
only about 20-25% of
jet momentum, the
interference forces
associated with inlet
flow are negligibly small,

,, .and only the pure momen-
"' ~~tum components in drag

Sand in pitch torque need
be considered. Thus the
simplest method of power
plant simulation could
be applied to jet inter-
ference measurements in
the wind tunnel, namely
the discharging of com-
pressed air. An addition-

al advantage of this setup was that the entire discharge system
was suspended separately from the model and wind tunnel balance,
on a system which follows the angle of attack. Power plant
thrust and aerodynamic forces on the aircraft were thus measured
separately, allowing very precise measurements of the interference
forces. The design of the wind tunnel model and the test setup
have already been shown in Section 1, Figs. 1.5 and 1.6, with
the Do 31 serving as an example. A color photograph of the 1:20
jet interference model of the Do 31 in the Dornier wind tunnel
is shown above.

The colors show the following: /112

Red: 1:20 model, suspended on the wind tunnel balance.

Blue: Air-line and follower system, mounted on the turn-
table independently of the model

Yellow: Support column for the point of rotation of the com-
pressed air follower system.
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The effect of the air feed lines on the aerodynamic coeffi-

cients was determined from two comparative measurements with and

without pipeline. The effect on drag is considerable, that on
lift is negligible, and zero torque must be corrected by
AcM = +0.02; see Fig. 4,4. As was shown in Sections 1 and 3, the
Do 31 interference measurements yielded good results.

For future V/STOL aircraft with fan power plants or two-

stage power plants of high bypass ratio, inlet momentum is almost
as high as outlet momentum. The contribution of inlet flow to

interference is thus on the same order of magnitude as that of

the jet. Fig. 4.5, taken from [6], is an extreme example of this.

The force in the lift direction induced by inlet flow far ex-
ceeds the lift induced by the jet. Inlet flow induces a con-
siderable tail-heavy torque.

Although the larger component of the force induced by the jet
is operant on the underside of the wing, the effect on the pres-
sure distribution at the upper surface of the wing is not
inconsiderable, as Fig. 4.6 from [5] shows. Now if the power
plant inlet is located close to or on the upper surface of the

wing, an interaction of jet and inlet flows occurs.

The necessity of simultaneously simulating inlet and outlet /113
flows in future V/STOL model tests can be seen just from these
two examples.

The figure shown below provides an overview of the power
plant simulation methods which are available, and Fig. 4.7 gives
a compilation of practical methods for power plant simulation in
model tests.

a c d e

DRUCKLUFTSTRAHL EJEKTOR-TRIEBWERK GEBLASE MIT E.-HMOTOR TURI 9tE NGLBL IS

Druckluftsystem beruru

rutgsfrei gegenuber .Motor

Ftugzeugzelle b

f

Possible methods for power plant simulation in
model tests.

Key: a. Jet of compressed air
b. Compressed air system makes not contact

with airframe
c. Ejector power plant
d. Blower with electric motor
e. Turbine blower
f. Compressed air
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The discharge of a. compressed air jet at the location of
the power plant nozzle is the simplest type of power plant simula-
tion. Inlet flow is not simulated. As already mentioned, this
method was applied successfully to the Do 31. The list in
Fig. 4.7 also shows that a relatively large number of jet inter-
ference studies were performed in England and at NASA with this
technique. However, these always involved VTOL configurations
with jet power plants of high momentum density or measurements in
hover with the ground effect, in which cases inlet flow is
unimportant.

In the case of the ejector power plant, the high-energy
primary jet sucks air from the inlet by turbulent jet mixing, and
a multiple of the quantity of air which was blown in is discharged
at the outlet. A relatively long mixing length is necessary for
this, however (at least five mixing duct diameters). Structural
length can be considerably reduced through the use of multiple
nozzles for the primary jet, so that approximately the size ratios /114
associated with bypass power plants can be realized, as can be
seen from the list in Fig. 4.7. This method has recently been
successfully applied by Dornier for recirculation measurements, to
simulate lift fans whose height is smaller than their diameter.
No empirical information is available for jet interference
measurements.

Blowers driven by electric motors to simulate lift fans have
been used by the RAE and AVA (see Fig. 4.7) in several jet inter-
ference studies on VTOL components. Depending upon space
conditions, the electric motor was connected with the blower via
a short shaft, an angular drive system or an extension shaft.
Guide vanes eliminate rotation, so outlet flow is quite similar
to the large-scale version. Inlet measurements are also possible
at the same time, and the measurement of power and torque provide
information concerning the fan characteristics in transition
flight. 'In the case of blowers driven by extension shafts,
vibration problems must be expected. The effect of extension
shaft blockage upon flow about the model is highly dependent upon
the aircraft's configuration. This point is not considered to be
critical. The AVA Gttingen provides a tested series of high-
speed three-phase motors, with blower rotors.

The blowers with blade-tip drive used to simulate lift fans
are in some cases still under development (AVA), or they are
already available as complete units. Although no prices are
available, it is estimated that the price is to be a multiple of
that for the blower with electric motor, to say nothing of main-
tenance expense and maintenance requirements.

In summary, the following recommendations can be made con-
cerning the test method to be selected for future V/STOL aircraft
with lift jets:
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1. The interference effect of power plant jets (jet power
plants with or without bypass and fan) in hover, with and without /115
ground effect, can be measured with sufficient accuracy in model
tests using the simple method of compressed air discharge.

2. Interference between cell and power plant in transition
flight can be determined reliably only through the simultaneous
simulation of inlet and outlet flows in the case of V/STOL
configurations with lift fans. At present, wind tunnel models
with blowers driven by electric motors are best suited for this
purpose.
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Fig. 4.1. Jet-induced pressure distribution on
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induced force in Do 131 hover close to
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Fig. 4.4. Do 31 interference measurements.
Effect of air feed lines on the aerodynamic
coefficients.

Key: a. With, without pipeline
WE = horizontal plane

n K = flap angle
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Fig. 4.5. Interference from inlet and outlet
flows on a partial wing/fuselage model.

Key: a. With inlet and outlet flow
b. Outlet flow only
c. Aspect ratio
d. Without wings
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Fig. 4.6. Effect of nozzle position, in the longitudinal direction,
upon pressure distribution on the wing.

Key: a. Flap angle, jet exhaust angle, nozzle position (height)
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c. Nozzle position



Fig. 4.7. Compilation of practical methods for power plant /123
simulation in model tests.

Literature
Firm/Institute Project r.eference. r.ferenc.e

1. Compressed air jet

Dornier Do 31 V/STOL transport aircraft VW 537
with jet lift and lift/thrust
power plants

Hawker P1127 VTOL combat aircraft ZfW 15/7
Siddeley Av. with jet lift/thrust power

plants

NASA VTOL configuration model with NASA TN D-3166
jet lift power plants NASA CR-1297

NASA TN D-2380
NASA TN D-3213
NASA TN D-1400

RAE VTOL component model with RAE TN AERO 2971
jet lift power plants ARC CP 718

DFVLR V/STOL transport aircraft, DFVLR Report 70-28
principal model with jet
lift/thrust power plants

2. Injector power plant /124

NASA VTOL configuration model with NASA TN D-4812
jet lift and lift/thrust NASA TN D-5727
power plants NASA TM X-1758

AVA Airbus with bypass power DLR Report 70-28
plants

MBB VTOL combat aircraft with DLR Report 70-28
lift and lift/thrust bypass
power plants

3. Blower with electric motor

Dornier Do 31 V/STOL transport VW 313
aircraft

AVA VTOL half-model with lift DLR Report 70-28
fans
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Fig. 4.7. (continued)

Literature
Firm/Institute Project Literature...............P . .. . ..............r e fe r .en c e ......

3. Blower with electric motor

RAE Wing with lift fans RAE TR 67302
RAE TN AERO 2643

RAE VTOL component model with ARC CP 597
lift fans

4. Blower with blade-tip drive /125

NASA . V/STOL transport aircraft NASA TN D-5695
model with six lift fans
in wing

AVA Project for a turbine blower DLR Report 70-28

Dowty-Rotol Blower with blade-tip drive [1]

Tech. Develop- Blower with blade-tip drive Manufacturer's
ment Inc., prospectus
Ohio

Douglas Air- DC 10 J. Aircraft 8(7)
craft Co.
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5.1. Introduction /128

So far, it is not yet possible to determine the jet-induced
forces and torques of an aircraft configuration in closed form
by theoretical means, due to the complex flow processes.

Usable computational methods are available only for the
simplest cases such as a panel with a central jet in hover in and
out of ground effect, as well as formulations for solving the
problem in oncoming flow. In addition, a large number of measure-
ments, primarily wind tunnel measurements, exist for a great
variety of aircraft configurations and also for simplified basic
models. To be sure, the available measurement results are far
frbm adequate for setting up empirical relations by means of which
jet interference in hover and in flight, in and out of ground
effect, can be determined for any aircraft configuration.

Estimating jet interference for a new aircraft probject
amounts to extrapolation on the basis of more or less well-known
influencing factors, starting with a similar aircraft for which
measurements have been taken.

With a view toward future V/STOL transport aircraft, an
attempt is made in the following to indicate the most important
influencing factors on the basis of experience gained during Do 31
development and through the evaluation of outside work, and to
give the project engineer points of reference for estimating the
jet interference effect.

Unfortunately, studies could not be performed systematically
enough during Do 31 development that all influencing factors are
known quantitatively. Suitable wind tunnel measurements cannot
be dispensed with in a new project.

5.2. Notation /129

A Aerodynamic effect

B, b Wing span

C Pressure coefficient
p

Dj Diameter of thrust nozzle

De, Die Equivalent nozzle diameter

F Area of aircraft planform

Fj Area of thrust nozzle

H, h Ground distance

hFW Distance between landing gear and ground
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PO Total pressure in thrust nozzle

p" Ambient pressure

q Dynamic pressure in thrust jet

So  Nozzle thrust

vm Aircraft speed

vj Initial velocity of jet

X Coordinate in direction of power plant axis

pj Jet density

5.3. Jet Interference in Hover Outside Ground Effect /130

A power plant jet exhausting from the underside of an air-
frame causes a loss in lift. The lift loss is caused by the
underpressure on the underside of the aircraft, which in turn is
produced by mixing of the turbulent power plant jet with the sur-
rounding air. Close to the ground, the jet interference effect
can change both in magnitude and in sign, depending upon ground
distance and aircraft configuration. The ground effect is treated
below in Section 5.4.

There have so far been a few dozen studies on the jet inter-
ference effect on certain aircraft configurations. Systematic
studies to determine the parameters are known only from [1] and
[2], however; these, too, possess no general validity, since only
fighter configurations are covered. In purely empirical terms,
a relationship is found between lift loss, on the one hand, and,
on the other, the ratio of the aircraft surface area F surrounding
the jet(s) to jet area Fj, the drop in dynamic pressure along the
axis of the jet, and the static pressure of the jet:

As 'P o- 1 1 P -0,64S K X X (P C*/)

j max j W

The significance of the second square root expression is made
clear by the following diagram:
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For a fighter configuration with lift power plants mounted in /131
the center section of the fuselage, model measurements in [1]
yielded the following for approximately critical discharge:

P -0,64
(- ) - 0.009

A conspicuous feature in (1) is that the static pressure
ratio for the jet appears as a parameter. If we look at the ex-
tensive studies in [91 on free jet propagation, for example,
the effect of Mach number on jet propagation becomes clear.

The constant K in (1) is by no means universally applicable.
It is valid only if the configuration does not deviate too much
from the arrangement under discussion.

Considerable differences in the magnitude of K can occur
between central and peripheral arrangements of jets. In particular,
power plant pods with a series of lift power plants, which are
often mounted outboard on the wings of VTOL transport aircraft,
can result in a considerable reduction in jet-induced lift loss,
since a relatively small wing area is located in the immediate
vicinity of the jets. Thus in the case of the Do 31, the four
power plants installed in a pod at the wing tip caused about
2.22% lift loss, whereas the four nozzles of the Pegasus cruising
power plants located inboard under the wing produced 3.6% lift
loss (referred to inherent thrust). In both cases, jet area was
approximately the same and jet propagation from each set of four
nozzles was probably likewise about the same.

The effect of the distribution of the area surrounding the
jet will be covered in the following discussion. The force
exerted on the underside of the aircraft is expressed as follows:

S 113
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where Cn is the local pressure coefficient on the underside of the /132
aircraft. It is now assumed that Cp decreases linearly with the
reciprocal dimensionless distance from the center of the jet,

m fp - ry

an assumption which proves to be reasonable, as will be shown
below.

For lift loss we thus obtain

r 02 - 2w

S rf K drd
S0 2 F D J 1 Ff

Dj/2 01- 0
2w

S1 / r () d 0

If we set (r (0)- D

then S . 2K1
So D (2)

Here, Dj is nozzle diameter, and D can be conceived of as the
equivalent diameter of the aircraft's planform.

For the special case of the round panel with a central jet,
we can integrate and obtain
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AS 2 D

where D is panel diameter.

Converted to the ratio of areas, this becomes /133

AS_ 2 (3)

The same relation exists in (1) and (3) between lift loss
and area ratio, thus indicating the assumption regarding the
dependence of Cp to be reasonable. The constant K1 is a function
only of jet characteristics, and these are taken into considera-
tion in relation (1). Relation (1), expanded to cover any
aircraft configuration, thus reads as follows:

r i 9 (x) -0,64

1_ 1 () 
SO " Dj D "1j (ox WDj D

Like (1), relation (4) can only be used to convert lift loss
from a known configuration to one which is somewhat similar,
since the constant K does not possess general validity.

The progress which (4) represents over (1) consists of the
fact that deviations in the -planform of the aircraft
and in the arrangement of power plants can be covered. Example:

Circular panel Quarter-circle

2R

F = iR F = R

2wn 2w
r d = 2 W R r dO = i R

o o
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The circular panel and the quarter-circle of the same sur- /134
face area F differ in size

21
f r dO
0

by a factor of two. The same lift loss would be obtained from
(1) for the two cases, whereas on the basis of (4), lift loss for
the circular panel would be twice as large as that for the
quarter-circle, which is reasonable.

Unfortunately, no systematic measurements are available to
demonstrate the usability of relation (4). An attempt will be
made, however, to calculate lift loss with (1) and (4) in the
example of the Do 31 lift power plants and the cruising power
plants, oriented vertically in the downward direction, and to com-
pare it with wind tunnel measurements. Although the configuration
of the Do 31 differs considerably from that studied in [1], we
shall adopt the value K x (Po/P) - 0 .6 4 = 0.009.

The four Do 31 lift power plants, arranged in a line, and
the four cruising power plant nozzles, arranged in a square, can
be treated in relations (1) and (4) on the basis of three dif-
ferent model representations; Fig. 5.1 provides an overview.

Model I

The four individual nozzles are treated as one normal
nozzle of equivalent diameter, with the dynamic pressure drop
of a normal nozzle.

Model II

The four individual nozzles are treated as a quadruple
mixing nozzle of equivalent diameter with the dynamic pressure
drop of a mixing nozzle.

Model III

The four individual nozzles are treated in isolation,
each nozzle being surrounded by the entire aircraft surface
and possessing the dynamic pressure drop of the individual
nozzle. The overall effect is obtained by linear
superposition.

All three models are treated both with relation (1) and with /135
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Unfortunately, values for maximum dynamic pressure drop in
the jet are not available for Do 31 model measurements. Measure-
ment results from (1) [sic] are used here; these are plotted in
Fig. 5.2. They are from measurements performed on a group of
four which are arranged much like the Do 31 cruising power plants.
In the case of the single nozzle, Dj represents the diameter of
the single nozzle, whereas for the group of four, Dj corresponds
to the equivalent diameter.

The results for changes in lift determined in this manner
are given in Fig. 5.1 and are repeated in the table below.

CRUISING-POWER PLANTS: -AS/S o IN %

Model representation
I II III

Relation (1) 1.97 3.94 3.94

(4) 1.68 3.36 3.36

As already mentioned, the lift loss measured in the wind
tunnel for the cruising power plants is - AS/S o = 3.6%.

The same approach was applied to the lift power plants. The
table below shows the results of computation.

LIFT POWER PLANTS: -AS/S o IN %

Model representation
I II III

Relation (1) 1.98 3.96 3.96

(4) 1.2 2.4 2.4

The lift loss measured in the wind tunnel for the lift power
plants is -AS/So = 2.22%. Since the parameter KS for the dynamic /136
pressure drop in this case is exactly twice as large as for the
individual nozzle, lift loss as indicated by equation (4) will be
exactly identical in cases II and III and exactly half as large
in case I.
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Model representations II: and III yield good agreement with
the wind tunnel measurements for the cruising power plants, as
determined both with relation (1) and with (4), whereas only (4)
yields good agreement for the lift power plants. This is
reasonable, since the lift power plants have an extremely outboard
position, where the considerations which led to relation (4) are
quite applicable. Relation (4) can be recommended on the
basis of these positive results. That model representation I
greatly underestimates lift loss is clear and reasonable, since
the equivalent individual nozzle in I has completely different
jet propagation from that associated with a group of four.

Thus the use of model representation II or III can be re-
commended for groups of nozzles. If the behavior of.the dynamic
pressure drop is known, II is probably to be preferred, since the
superposition principle used with III has not been validated.

5.4. Jet Interference in Hover Close to the Ground

In hover close to the ground, other changes in force and
torque besides jet-induced secondary forces of free hover act
upon the airframe.

A single jet directed perpendicularly or obliquely at the
ground, or a line of jets, is deflected at the ground and flows
off in the form of a wall jet.. Like the free jet, the wall jet
draws air from the surroundings and generates an underpressure on
the underside of a panel perpendicular to the ground. When a
pair of jets or pair of rows of jets is aimed at the ground, an
upward current (fountain) develops between the pair which
generates an overpressure on the underside of the panel.

In an aircraft configuration with a particular power plant /137
arrangement, both effects, namely the suction effect and fountain
effect, are superimposed on one another and affect each other. A
theoretical solution is not yet possible for this complex
process. We will first determine the approximate flow pattern,
particularly stagnation points and lines of flow, from informa-
tion on the individual effects and also on the basis of personal
experience, and then attempt to also obtain quantitative informa-
tion regarding secondary forces and torques by superimposing the
individual effects.

As a basis for this approach, an attempt will be made below
to analyze the individual effects; this is followed by the
analysis of a complex configuration, using the example of the
Do 31.
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5.4.1. Analysis of Jet' Interference Close to the Ground

The process of jet interference close to the ground can be

analyzed in simplified form as shown below and broken down into
several basic configurations.
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a) Individual jet exhausting normally from a panel and oriented /138
normally with respect to the ground

A jet exhausting from a nozzle is propagated in accordance
with the known empirical principles governing free jet propaga-
tion and, after deflection at the ground, in accordance with
those governing wall jet propagation. The region close to the
stagnation point, with a radius of about one nozzle diameter, is
excluded here. The drop in the characteristic velocity of the
free or wall jet occurs linearly with distance from the nozzle or
stagnation point, respectively. The decrease in maximum velocity
in the wall jet is governed by the propagation law

max K
3 '

in which the nozzle's distance from the ground does not appear.
The constant K has various values in the literature. The reason
for this lies primarily in the different initial conditions in the
nozzle.

The natural flow toward the free or wall jet is obstructed in
the case of a jet exhausting from a panel parallel to the ground.
The surrounding air is sucked in along the underside from the
margin of the panel and produces an underpressure. If the panel
is very large or the distance between nozzle and ground is very
small (H/Dj < 1), this flow pattern no longer applies. This case
is of no practical interest, however.

The underpressure on the underside of the panel and thus the
total force acting upon the panel can be calculated with the aid
of potential theory if assumptions are made regarding the air
sucked in by the free and wall jets. In Seibold [101, the jets
are represented here by coverage with sinks, the panel by coverage
with vortices, and the ground by reflection. The comparison
between calculations and measurements is unfortunately shown only
to a ground distance of H/Dj < 0.5 in [10].

In [l], an empirical relation, obtained from measurements
with circular panels of various size, is given between relative
thrust loss and ground distance, which is made dimensionless with
the difference betweenpanel diameter and nozzle diameter.

s-s H -2.3g = 0.012 -H :a)
S1 (4a)
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The reference quantity on the right side, which can be con-

ceived of as the equivalent diameter of the panel area surrounding

the nozzle, is interesting and is physically meaningful. Panel

area and nozzle area are thereby eliminated as independent

variables. This relation is also applicable to configurations

with fan power plants, for which the ratio of nozzle area to

panel area is an order of magnitude larger than in the case of jet
configurations. It is suggested that in the case of noncircular

panels, panel diameter Dp be replaced with an equivalent diameter

Dp in analogy to the considerations discussed in Section 5.3.

A likewise empirical relation, almost identical to (4a), is
given in [4]:

-2.3

S - H= 0.012 HID -2.3
So  So 0,994 (F/F )/2 -1

(4 b)

Expression (4b) differs from (4a) by a factor of only 0.994
in the case of the circular panel. Relation (4b) is handier for

first approximations than (4a) and is shown in Fig. 5.3 as a

working graph. A comparison between (4b) and measurements per-

formed on various rectangular panels in Fig. 5.4 shows

acceptable agreement for project estimates.

b) Row of jets or slotted jet, exhausting from a panel and
oriented perpendicular to the ground

A notable feature in Fig. 5.4 is that a slot nozzle with

an aspect ratio of about 9 generates a smaller secondary force than

a round nozzle of equal area. The difference is in the different /140
propagation laws governing the three-dimensional single jet and

the quasi-two-dimensional slotted jet. As already mentioned, the
linear propagation law applies to the round jet for velocity:

max K

whereas the square-root law applies to the two-dimensional case:

V
wax _ K
j. (r/D )
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It is reasonable to formulate relation(
4ih) as follows for

the two-dimensional case:

s S H/D

so o K I / J (5)

c) Two rows of jets with panel between them

In the case of two rows of jets or two slotted jets oriented

perpendicular to the ground, a stagnation line is generated in the

plane of symmetry above which the wall jets coming from opposite
directions proceed in the form of an upward vertical current. A

body lying transverse to this upward current experiences a force

in the direction of oncoming flow similar to the drag of the
particular body in a free stream.

Now the drag of various bodies differs considerably. An
infinitely long circular cylinder has a coefficient of drag of

about 0.4 at a Reynolds number greater than 5.105, whereas an

infinitely long panel in perpendicular oncoming flow has a coeffi-
cient of about 2.0. Just this numerical comparison is enough:,to
show how problematic it is to estimate the force acting on the /141
body of an aircraft located in an upward flow with all possible
flaps extended for takeoff.

Due to the same facts, on the other hand, influence can be

exerted by relatively simple means, such as auxiliary flaps. An

example of this is provided by the measurements from [10] shown
in Fig. 5.5, obtained with a medium-range V/STOL airliner.

In Fig. 5.6, the thrust acting upon the aircraft close to the
ground is plotted against ground distance. Reference quantities
include operant thrust out of ground effect and the diameter of al

single nozzle. The curves came from measurements performed on
the Do 31 and its successor, the Do 131. The measurements confirm
the predominance of the fountain effect, which is reasonable on the

basis of the arrangement of jets and the planform.

It is conspicuous that the curve for the Do 31 lies consider-

ably below that for the Do 131. Various factors play a part here,
such as different inclinations of the.power plant jets and dif-
ferent fuselage shapes, including extended landing gear doors,
and the like. The inflection point for the Do 131 is conspicuous.

For the two rows of jets or two slotted jets oriented per-
pendicular to the ground, the same propagation laws apply, in
qualitative terms, as in the case of the free and wall jets of the
corresponding individual configurations up to about the point at
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which the wall jets form a stagnation line.. In the vicinity of the

stagnation line, the wall jets parallel to the ground are deflected

into a vertically rising fountain. If secondary factors are

neglected, the fountain can be viewed as a continuation of the

wall jets. The plane of symmetry takes the place of '.the wall here.

Just as a propagation law which is independent of nozzle height

applies to the wall, jet, an analogous propagation law which is

independent of nozzle height H and nozzle separation A can be

derived for the fountain.

Vmax -K
V (z/D /2 (5)

[sic]

In analogy to the linear law governing the drop in velocity,

the following would apply to the fountain between a pair of
nozzles:

v K
vi z7 (5)

[sic]

Measurements of maximum upward flow velocity along the axis

of symmetry of a pair of nozzles presented in [7] confirm, to a
certain extent, the linear relationship and the subordinate
effect of nozzle separation A beyond a ground distance of
Z/Dj > 3 (Fig. 5.7).

The discussion of principles presented here applies only if

the distance between the pair of jets is not too small compared
to ground distance. In this case, the two free jets mergeveven
before they impinge on the ground and thus obstruct the development
of a fountain. S. Harmsen [8] shows this effect very clearly by

means of momentum measurements between a pair of nozzles and by
means of flow pictures taken by the light section method and finds

that no fountain occurs between a pair of nozzles if the distance
between them is not at least one or two times the distance between
the nozzles and the ground.

The following can be written formally for the aerodynamic
force on a body located in the upward flow:

AS = cw*qm'F

or, referred to nozzle thrust,.

123



AS =1 F Vm'
S 2 W Pj F (6)

where vm is mean velocity in fountain, cW is the body's coeffi- /143
cient of drag, F is the aircraft axea which is located in the
upward flow. The density effect is of subordinate importance in
jet propagation and is neglected.

For vm, we assume vm = K-vmax, and we let the distance of the
underside of the fuselage from the ground be Z = h, whereupon
we obtain the following relation with (5) and (6)

,S F . K
S CW h/Dj (7)

In Fig. 5.6, measured jet-induced force is plotted against
ground distance for the Do 31 and Do 131 with the cruising power
plants in two rows of nozzles each. The linear relation is valid
in terms of trend. The different levels of the curves can be
explained by the different shapes and sizes of the fuselage under-
sides.

d) Two jets with panel between them

The flow pattern in case d) is a mixture of case a) and case
b) and is therefore difficult to determine even qualitatively.
As in case c), a stagnation line does develop at the ground, in
one of the planes of symmetry. A vertical fountain is formed ,only
near the axis of symmetry, however. The fountain flows off to the
side over the'remainder of the ground stagnation line. Thus the
fountain effect is operant only in the vicinity of the axis of
symmetry, whereas the suction effect prevails over the rest of the
panel. Fig. 5.8 shows model measurements of the change in thrust,
close to the ground, on the Do 31 and Do 131 with just the cruising
power plants running. The configuration of the Do 131 corresponds
roughly to the case under consideration, whereas a fountain effect
clearly occurs at low altitude in the case of the Do 31.

5.4.2. Application of the Analysis in 5.4.1 to the Example of the
Do 31

The most important features relating to jet interference in
hover close to the ground are as follows for the case of the Do 31:
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high-wing configuration
lift power plants at wing tips
cruising power plants inboard under wing.

First, the jet interference associated with the different
groups of power plants is estimated separately. The lift power
plants of the Do 31 contribute little to the change in thrust, due
to their peripheral location. The lift loss due to the suction
effect outside of the ground effect is only about 1% of overall
takeoff thrust. Even close to the ground, no appreciable addi-
tional suction effect or fountain effect occurs because of the high-.
wing configuration and the peripheral location. These statements
agree with the model measurements plotted in Fig. 5.9. Only at a
landing gear to ground distance of less than 2.4 (hFw/Dj) does a
weak fountain effect become operant.

The cruising power plants of the Do 31 produce a thrust loss
of 2% of overall takeoff thrust outside the ground effect. Close
to the ground, the cruising power plants represent a mixture of
cases c) and d) as treated in Section 5.3.2, for which reason their
jet interference effect can only be estimated quite roughly. The
model measurements in Fig. 5.9 show that a slight suction effect
exists between values of H/DeMTW = 7 and 1.

Next, the ranges of influence of the lift and cruising power
plants under takeoff and landing donditions are delimited, for
which purpose we estimate the ground stagnation lines. In the
case of the Do 31, the ground stagnation lines are available from
flow patterns taken in model measurements (Fig. 5.10). It can be
seen from the ground stagnation lines that the range of influence
of the lift power plants is markedly limited close to the ground.'.
The one appreciable contribution from the lift power plants comes
from the stagnation line between the lift and cruising power plants.

This stagnation line causes the deflection of a large portion of
the cruising power plant jets in the direction of the fuselage
underside. The effects of the cruising power plants are thereby
enhanced: instdad of 3600, the central angle of jet propagation
amounts to only about 2200, so we must expect the effect to be
increased by a factor of 1.64. The fountain rising above the
ground stagnation line between the lift and cruising power plants
is directed against the underside of the wing. Since the distance /145
between ground and underside of the wing is already 10 DHTW (in-
dividual nozzle) with the aircraft standing on the ground, the
fountain effect is neglected.

The addition of lift and cruising power plant thrusts outside
the ground effect and the 1.64-fold change in cruising power 0lant
thrust close to the ground yields the curve of thrust versus ground
distance plotted in Fig. 5.9. The :curve, obtained by superposition,
lies below the measured value but provides a satisfactory picture
of the distribution and order of magnitude of the jet interference
effect.
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5.5. Jet Interference in Transition for V/STOL Transport Aircraft
'Wi'th Jet* Power Plants

For V/STOL aircraft with pure jet power plants or with fan
power plants of low bypass ratio (less than 1), the effect on
aircraft aerodynamics caused by the power plant: jets far exceeds
the effect of inlet flow. This applies particularly to lift,
while the drag component of inlet flow is known from inlet
momentum, and the torque component can likewise be estimated from
the momentum vector of inlet flow. But the effect of the jets
can be treated separately from that of inlet flow for a first
approximation of interference for aircraft configurationsifwith fan
power plants of high bypass ratio, too, so the following statements
also apply to these cases.

In hover, jet interference from a nozzle jet is based only on
its suction effect due to turbulent mixing of the jet with sur-
rounding air. In transition, an interaction occurs between oncoming
flow and the power plant jet, which in turn affects flow about
the airframe. The resulting flow field is of a complex nature,
and only a few simplifying model representations are known so far
for theoretically treating quite simple configurations such as /146
that of a simple jet in a wing, exhausting downward. Calculations
and measurements exhibit satisfactory agreement in this case
[12-14]. Two nozzle jets positioned behind one another are
covered in [15]. These model representations do not apply to jet
positions close to the wing forward edge or trailing edge or close
to the extended landing flap, under the wing or in the fuselage as
they occur in V/STOL transport aircraft, so we must rely entirely
upon measurements.

The jet interference forces on V/STOL transport aircraft known
from the literature and from our own measurements are reported in
the following section. An attempt is made in a subsequent section
to apply the interferences known from systematic measurements on
single nozzles to the Do 31 configuration by superposition and to
compare these with our own wind tunnel measurements.

5.5.1. Determination of Jet Interference from Wind Tunnel
Measurements

In order to be able to convert from a configuration known(
from measurements to a new one, we must know the influencing fac-
tors. As was already shown in the introduction, no such function
is known for the general case. But no exact conversion function
is even known for the :special case of geometric similarity in the
planform anda~similarity in p6wer 0lant nozzle position, but with
a different ratio of nozzle area to planform area. Williams [161
presents a conversion function:

A 1/2 /2
- Function (v./vj~

126



which is obtained from a dimensional analysis of the jet propaga-
tion process and the long-range effect of the jet deflection

process, approximated with a vortex model. Since this simplified
model representation no longer applies to complex configurations
such as those of V/STOL transport aircraft, as mentioned in the

introduction, the conversion function derived from this is like- /147

wise very questionable. Since nothing better is known, however,
we will still have recourse to this formula in case of need, if
jet interference affecting a new configuration must be estimated

with the aid of the measured data for representative V/STOL
transport aircraft compiled below.

Jet interference measurements performed on V/STOL transport
aircraft are quite sparse. Most of the published jet interference
measurements cover aircraft which can be classified as combat

aircraft on the basis of configuration and arrangement of jets.
Williams [16] offers an excellent summary of the most important
measured data, including an extensive bibliography. V/STOL jet
transport aircraft with such typical characteristics as high-
wing configuration, large aspect ratio, large fuselage diameter
and a relatively large number of lift power plants (at least
eight) arranged in rows or groups of jets have only been studied

by the British Aircraft Corporation (BAC) with a simple variation
model. Aside from our own measurements with the Do 31 model, we
know of no additional measurements.

Fig. 5.11 shows a compilation of the BAC measurements
(taken from [16]) and the Dornier measurements, with lift re-
ferred to static thrust, plotted over effective velocity ratio.

Configuration A, with the lift power plants mounted out-

board on the wings, exhibits the smallest lift loss. Rows of
lift power plants on the sides of the fuselage (configuration B)
are enough to cause more than 10% loss, and the configuration of
the Do 31, with lift power plant pods mounted outboard on the
wings and the pivoting nozzles of the cruising power plants
located inboard, likewise causes up to 10% lift losses. Very
high losses are produced by rows of lift power plants in the
central section of the fuselage (configuration C) or inboard on
double delta wings (configurations D and E). In an extremely
unfavorable case, more than 50% of static thrust can be lost.
A comparison of the 4arious configurations lets us state, in
qualitative terms, that loss increases with the area surrounding
the jets.

In hover, lift loss is proportional to the square root of the /148
area ratio, This simple relationship does not apply in transi-
tion, since the aircraft surface area surrounding the jet makes
a variable contribution to jet-induced force, depending upon its
position relative to the direction of oncoming flow.
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Nothing is known from the BAC models regarding momentum
change due to the jet effect. The torque curve of the Do 31 was
covered in Section 3. Additional information can unfortunately
not be provided.

5.5.2. Superpo'sition of Jet' Interference from Individual Jets
in the Example of the Do 31

Since good results were obtained in Section. 5.3 in the deter-

mination of jet interference in hover through superposition of the

effects of individual nozzles in the example of the Do 31, this
principle will be checked in transition flight. For jet-induced
force in hover, it was possible to state an empirical relationship
to geometric dimensions and the decrease in dynamic pressure along
the axis of the jet. As was already established in the introduc-
tion, this is not possible for the general case of the individual
jet in transition, so we must have recourse to measurements per-
formed on a basic model with a single jet. Such measurements are
known from [17] and [18], in which the position of the single
nozzle in a rectangular wing was varied systematically.

A prerequisite for fruitful superposition is that geometric
conditions be approximately equivalent with regard to the position

and size of the jet on the basic model and on the aircraft and that
the reciprocal effects of the individual jets remain relatively
small. By chance, the first condition is satisfied approximately
for the lift and cruising power plants of the Do 31 in [6], while
the second condition is probably not adequately satisfied by the
nozzle jets, which are located close beside or behind one another
in the case of the Do 31 under consideration. Only the results
at the end of the following discussion will provide some
information.

The jet-induced forces and torques on a rectangular wing with /149
a single nozzle are studied systematically in the wind tunnel in

[17] and [18]. In [17], the single nozzle lies in the plane of
symmetry of a rectangular wing of aspect ratio 5 at a distance of

zD/Z = -0.25 under the plane of the wing. The forward or rearward
position of the nozzle lies between -0.5 < xD/£<< +0.75 (zero
point at 1/4,k positive to the rear), the jet exhausting vertically,
in the downward direction, among other things. The configuration
of the wind tunnel model in [18] consists of a wing/fuselage
combination, rectangular wing of aspect ratio 4.6, with a single
nozzle under each half of the wing separated by 1/4 of the span.
Among other things, the forward or rearward positions were varied
between -2.25 < xD/X ' +1.0 for nozzle le.vels (in terms of height) of

zD/ = -0.64 and -0.84, with the jets exhausting vertically, in
the downward direction. The data plotted in Fig. 5.12 are supposed
to indicate the effect.of the nozzles' forward position upon jet-
induced force, with the nozzles' position on the Vertical axis and
the velocity ratio as parameters.
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While the effect is approximately constant for a nozzle loca-

tion in the forward portion of the wing, the "jet flap effect"
occurs if the nozzle is located to the rear, causing a positive

component in jet-induced lift due to supercirculation effects.
The position of the nozzle along the vertical axis influences both

the magnitude of the interference and the rise in the curves due

to the jet flap effect. It must be mentioned, however, that the

curves for zD/ = -0.64 and -0.89,come from [18], in which a wing
with a single 30% split flap at an angle of 600 was used. The
crossover plot in Fig. 5.12 shows no reasonable trend for the
effect of nozzle location along the vertical axis, for which reason

the results in [171 are used for the application of superposition
to the Do 31. The positions of the cruising and lift power plant
nozzles of the Do 31 along the vertical lie in the range

-0.3 < zD/k < -0.4, whereas zD/k = -0.25 in [17]. The ratio of
the area of individual cruising power plant nozzles to the area of
the half wing lying outside the fuselage is Fj/F = 1/133, whereas
Fj/F = 1/145 in [17]. The ratio of the area of individual
cruising power plant nozzles to the area of the outboard wing up
to the cruising power plant side wall is Fj/F = 1/65. Since the
lift power plants at the wing tip of the Do 31 can be assumed to
be lying in the plane of symmetry of a rectangular wing, the ef- /150
fective area ratio is Fj/F =.130 [sic], and is thus a value which
is applicable to [17]. The ratio of diameter to chord is
probably just as important as the area ratio. This ratio is
Dj/L = 5.7 in [17], while in the case of the Do 31, Dj/X = 5.7
for the lift power plants and Dj/k = 7.7 for the cruising power
plants.

Superposition is based on Fig. 5.13, which is an extension
of Fig. 5.12 to VB/V1 

= 0.77. Superposition was applied only to
the cruising power plants in one case and, in another, to the
lift and cruising power plants, since comparable wind tunnel
measurements were available for this. The results of superposition
are shown in Fig. 5.14. The calculations agree satisfactorily with
the measurements for low Voo/Vj, from about 0.1 to 0.15, while the
calculated values are almost twice as large as the measurements for
large V,/Vj.

The mutual interaction or obstruction of the propagation of
individual jets in the group of nozzles is probably being mani-
fested here. The superposition of pitch torque is not possible,
since the curves in [17] are too discontinuous and contain too
few data points.

In summary, it can be said that for complex power plant con-
figurations with rows and groups of jets such as in the Do 31,
the principle of superimposing the effects of individual nozzles
yields usable values for first approximations only in the case of
a small velocity ratio, up to about V/Vj = 0.15. Systematic
measurements on basic models with rows and groups of jets are
necessary to permit the preparation of generally valid working
data for the project engineer.
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F/2 = 1630,7cml Fj = 3.04 cm Data on. wind /154
tunnel model

Dr/ = 36.7cm Dj = 2.21.cm

Model Change in
Case representa- lift (- AS/So) KS -AS/So

tion

--0 KS1T 0.2125 0.0197

SK0009 -125
00 2 I(S4  F/2 0.425 0.0394

O 0009 Ks1 I7F034/203009 K S, 0.2125 00394

l KSt 0.2125 0.0168

Oi  KS 4  0.425 0(10336

[ 0.009 KS1  0.2125 00336

Fig. 5.1. Alternative models for treatment of the
change in lift in Do 31 hover with cruisingipower
plants only.
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Fig. 5.2. Decrease in dynamic pressure along
axis of jet. Measurements taken from [2].
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Fig. 5 .4. Change in lift close to ground, based
on suction effect measurements.
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Fig. 5.5. Jet interference measurements on a medium-
range V/STOL airliner in hover close to ground,
taken from [101.

Key: a. With, without spoilers
b. Roll torque is destabilizing
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Fig. 5.6. Change in thrust close to ground, fountain effect predominating.
Model measurements.

Key: a. Only lift power plants operating; b. Ground to - fuselage
underside distance; c. Diameter of individual lift power plant
nozzle
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Fig. 5.7. Dropoff in max. velocity of upward flow between a
pair of nozzles, from measurements taken from [7].

Key: a. Max. velocity of upward flow
b. Ground distance
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Fig. 5.8. Change in shift close to ground. Do 31 and Do 131 model

measurements. Suction and fountain effects superimposed.

Key: a. Equivalent diameter of the two cruising power plants

b. Only cruising power plants operating
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Fig. 5.9. Do 31: change in thrust in hover as a function of ground
distance. All power plants on takeoff thrust. 8 = 00. Cruising
power plant nozzle angle H = 900/

Key: a. Lift power plant measurements
b. Cruising power plant measurements
c. Modified superposition of lift + cruising power plants
d. Lift + cruising power plant measurements
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Fig. 5.10. Stagnation points and stagnation
lines in ground flow field during Do 31
vertical takeoff.
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Fig. 5.11. BAC models and Do 31 model with lift
and lift/thrust power plants in transition.
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Fig. 5.12. Jet interference for a rectangular
wing, from measurements taken from [1] and [2].
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Fig. 5.13. Jet interference for a rectangular wing,
from measurements in [1].
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Fig. 5.14. Do 31 jet interference with cruising +
thrust power plants. Comparison between measured
and calculated values.
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6. Summary /168

This report contains all of the know-how associated with the
problems that were solved in connection with jet interference during
the development and testing of the Do 31 V/STOL transport aircraft.
The most important results of model measurements, covering the
complete V/STOL-.flight profile, are presented. From 1 to 4% lift
loss was measured in hover; this increases to a maximum of 8% close
to the ground. Jet-induced torques are not appreciable. In
transition, the change in normal force can amount to as much as 12%
of gross thrust, and the jet-induced tail-heavy torque requires up
to 50% of available pitch control torque for compensation under the
most unfavorable conditions.

The various model method were critically evaluated. The
relatively simple principle of simulating power plant jets by the
discharge of compressed air has proven itself in the case of the
Do 31 and can also be recommended for future V/STOL development for
measurements without forward speed. Due to the relatively high
inlet momentum of up-to-date lift fans, both the thrust jet and
inlet flow should be simulated for future V/STOL aircraft in jet
interference measurements in transition flight.

A series of VTOL transitions by the Do 31 E3 test aircraft
are analyzed with respect to jet-induced forces and torques. The
data stored on magnetic tape are evaluated with a computer program.
More than 120 measurement points had to be interrogated at a
frequency of 5 Hz. The precision required for jet interference
evaluations cannot always be satisfied, particularly in the measure-
ment of thrusts. Nevertheless, the agreement between model and
flight measurements is satisfactory, and it was possible to confirm
the model principles which were applied.

The one known semiempirical method for calculating jet-induced /169
normal force in hover is extended to complex configurations tsuch
as the Do 31. Points of reference are given for estimating jet
interference close to the ground and in transition for future
V/STOL aircraft. Model measurements cannot be dispensed with in
the future, either.
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